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Proliferative gill disease (PGD) caused by the myxozoan parasite Henneguya
ictaluri is one of the most devastating parasitic infections in channel catfish aquaculture.
Currently, there is no effective treatment for H. ictaluri and the unpredictable outbreaks
can result in 100% mortality. Management strategies have been developed to prevent
losses in newly stocked fingerlings by evaluating the PGD status of a pond prior to
stocking, which is difficult since resident fish may not show clinical signs even when
actinospore levels are lethal to naive fish. Current diagnostic methods are limited to the
identification of an active infection and methods of predicting potential outbreaks have
several limitations. The PGD status of a pond to be stocked can be determined using
sentinel fish exposures which are labor intensive and require a source of parasite free
fish. These limitations necessitated the development of more rapid and efficient means of
determining actinospore concentrations to determine the risk of losing fish prior to
stocking. The development of a quantitative real-time polymerase chain reaction (QPCR)

assay provided a more rapid, sensitive and quantitative method of diagnosing active
infections and also provides a means to predict potential PGD outbreaks and determine
the PGD status of a pond prior to stocking.
Another approach in the control of this parasite is the identification of a less
susceptible culturable species or to identify traits that could be targeted in a selective
breeding program. Challenge studies have shown that the closely related blue catfish
(Ictalurus furcatus) does not exhibit as severe an inflammatory response to H. ictaluri
and mortalities are significantly lower than in channel catfish. Comparisons of PGD
severity and H. ictaluri infection in channel catfish, blue catfish and channel x blue
catfish backcross hybrids by gross examination, histopathology and the newly developed
H. ictaluri real-time PCR (QPCR) assay supported previous research suggesting the life
cycle of the parasite can not be completed as efficiently through the blue catfish host.
This dissertation describes the development and validation of a QPCR assay to
detect H. ictaluri in both fish tissues and environmental samples and the application of
this assay in both research and production settings.
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CHAPTER I
INTRODUCTION

The commercial farm-raised channel catfish industry
The channel catfish (Ictalurus punctatus) is the leading farm-raised fish in the
United States. Since commercial channel catfish farming began in the 1960s, production
and demand has increased significantly reaching annual sales of 445 million dollars in
2007. The rapid increase over the last thirty years has led channel catfish to become one
of the most significant agricultural activities in the southeastern United States, with an
economic impact of billions of dollars. In a number of counties in Alabama, Arkansas
and Mississippi, channel catfish aquaculture is the primary source of employment and
economic activity (Hargreaves and Tucker 2004). In the year 2000, the Mississippi
catfish industry generated approximately 7,000 jobs, totaling nearly $102 million in
wages.
Currently, there are channel catfish operations in 16 states, however, 94% of the
catfish production in the United States is concentrated in Arkansas, Alabama, Louisiana
and Mississippi, which has more acreage of production than the other three states
combined (Hargreaves and Tucker 2004). In 2007, 360 operations utilized 92,500 water
surface acres for the production of broodfish, foodfish, and fingerlings in Mississippi.
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When compared with other agricultural commodities, the total crop value of $223 million
was fifth to poultry ($2.3 billion), forestry ($1.11 billion), soybeans ($511 million), corn
($438 million) and cotton ($434 million) (Breazeale 2008). Although the catfish industry
directly employs a significant percentage of the workforce in the Mississippi Delta
region, most of the industry’s influence on the economy is ancillary. The economic
impact is amplified considering many of these regions are characterized by low economic
development and high rates of unemployment (Dean 2003; Hanson et al. 2003).

Diseases associated with channel catfish
Intensive management schemes intended to maximize profitability have led to an
increased potential for disease outbreaks due to stress from overcrowding, poor water
quality and increased efficiency of disease transmission (Bellerud 1993). Increased
stocking and feeding rates, the tendency to build large ponds (7-15 acres), and the
introduction of multibatch systems, where younger fingerlings are stocked with older,
larger fish, have led to an emergence of infectious disease problems over the last twenty
years. Disease losses account for approximately 65% of fry and fingerling losses and
45% of foodfish losses, with bird depredation, dissolved oxygen depletions, and
unexplained losses accounting for the remainder (Hargreaves and Tucker 2004).
Many infectious disease problems could be better managed by the use of smaller
ponds, lower stocking rates, lower feed rates, and single batch aquaculture.
Unfortunately, these solutions are not cost effective and are rarely economically
favorable. Problems with water quality maintenance and treatment of infectious disease
2

would be simplified in smaller ponds but the cost of construction increases significantly
with decreased pond size, and as pond sizes decrease, significantly more land acreage is
used for levies and roads rather than production. The multi-batch system widely used by
catfish farmers promotes disease transmission, but is economically favorable. Although
the older, resident populations of fish can serve as reservoir hosts for disease and infect
younger fish that are understocked into the system, the multi-batch culture provides a
constant supply of on-flavor market size fish during the growout season and extends the
productivity of the ponds. Lastly, lower stocking rates will improve production
efficiency but may not generate sufficient income to cover the fixed and variable costs of
production. Stocking rates normally fall between 100,000 - 120,000 fry per acre for
fingerling production and 6,500 – 8,500 fingerlings per acre for food fish production. In
short, reducing stocking rates to alleviate infectious disease concerns is not an
economically favorable option for most operations (Hargreaves and Tucker 2004)
Records from the Aquatic Diagnostic Laboratory (ADL) of the Thad Cochran
National Warmwater Aquaculture Center, Stoneville, MS (NWAC) show that 60% of
diagnostic cases submitted can be attributed to single or mixed bacterial infections, 30%
from parasitic infestation, 9% from fungal infections, and 1% from viral infections. From
1997 to 2007, the three most commonly diagnosed diseases were enteric septicemia
caused by Edwardsiella ictaluri, columnaris disease from Flavobacterium columnare,
and proliferative gill disease (PGD) resulting from infection by the myxozoan parasite
Henneguya ictaluri (Khoo et al. 2008).
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Proliferative gill disease in channel catfish
Proliferative gill disease (PGD) is the most prevalent parasitic disease affecting
commercial catfish aquaculture in the southeast United States and has caused major
economic losses since 1981 (Bowser et al. 1985; MacMillan et al. 1989; Burtle et al.
1991; Styer et al. 1991; Wise et al. 2004). Often referred to as “hamburger gill”, PGD is
characterized grossly by swelling, hemorrhage, inflammation and distortion of the gill
filaments creating a mottled appearance, resulting in gills that resemble ground meat.
Breaks in the filamental cartilage and the induced inflammatory response from
localization of the developing organisms causes gill filaments to become fragile and
break (Fig. 1.1). Hyperplasia of the gill epithelial cells (Fig. 1.2) and the influx of
inflammatory cells associated with the developing organism (Fig. 1.3) significantly
reduce the gill surface area (Bowser et al. 1985; MacMillan et al. 1989; Mitchell et al.
1998; Wise et al. 2004), inhibiting the catfish’s ability to carry out vital physiological
processes, namely gas exchange and osmoregulation. Severely afflicted fish swim
listlessly near the water surface exhibiting behaviors consistent with oxygen stress.
Because of the common occurrence and signature clinical signs of PGD, the disease is
often diagnosed pondside by producers instead of diagnostic labs, resulting in the
underestimation of the true prevalence of the disease throughout the industry (Wise et al.
1999; 2004).
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Figure 1.1.

Wet mount preparation of gill clips from a channel catfish fingerling with
proliferative gill disease. The chondrolytic lesions of the filamental
cartilage (arrows) are indicative of proliferative gill disease. Bar = 1 mm.

Figure 1.2.

Histologic section of channel catfish fingerling with proliferative gill
disease. Arrows point to diffuse fusion of gill lamellae due to epithelial
hypertrophy and hyperplasia. Bar = 0.5 mm
5

Figure 1.3.

Histologic section of gill tissue from a channel catfish fingerling with
proliferative gill disease. Deeply basophilic granular aggregates (arrows)
are composed of multiple small trophozoites. Bar = 50 μm

Outbreaks of PGD are currently highly unpredictable and mortality rates,
although highly variable, can approach 100% in severe outbreaks. The disease causes
significant losses in all sizes of fish, however smaller fish tend to be more susceptible to
the disease (Wise et al. 2004).

Myxozoan parasites
The myxozoans are an important group of organisms represented by more than
2000 species in over 60 genera (Lom and Dykova 2006). Primarily parasites of fish,
myxozoans have been extensively studied since first identified in the early 19th century
(Lom 1987). Some economically important myxozoans include Myxobolus cerebralis
and Ceratomyxa shasta, which cause salmonid whirling disease and ceratomyxosis,
respectively (Wolf et al. 1984; Andree et al. 1997; Bartholomew et al. 1997). Myxozoans
6

have been reported in a wide variety of organs in fish and are relatively host and site
specific (Lom 1987). The variations in morphological characteristics and complex life
cycles have added further confusion to the classification of this large group of organisms
and the phylogeny of the group remains in constant flux (Kent et al. 2001).
The initial work pertaining to the myxozoan life cycle was done by Wolf and
Markiw (1984). Their research with M. cerebralis was the first to indicate the
triactinomyxon actinospore stage shed by the benthic oligochaete, Tubifex tubifex, was an
alternate life stage of the myxospore stage found in the fish (Wolf and Markiw 1984;
Wolf et al. 1986). Since then numerous lifecycles have been defined using transmission
studies and molecular techniques which connect the myxospore stage in the fish to the
alternate actinospore stage in the oligochaete (Wolf and Markiw 1984; Wolf et al. 1986;
Andree et al. 1997; Bartholomew et al. 1997; Longshaw et al. 1999; Eszterbauer et al.
2000; Pote et al. 2000; Kent et al. 2001; Redondo et al. 2002; Liyanage et al. 2003; Koie
et al. 2004; Kallert et al. 2005a; 2005b; Bartholomew et al. 2006). Although myxozoans
are an intensively studied group, there are still numerous species of myxozoans in both
oligochaete and fish hosts whose life cycles remain unknown. Adding further to the
classification confusion is the initial placement of actinospore and myxospore stages in
separate taxonomic classes (Andree et al. 1997).

Henneguya ictaluri
Researchers first suspected an infectious agent of benthic origin to be associated
with PGD when investigators were able to induce PGD in specific-pathogen-free catfish
7

by exposure to mud extracted from a pond with an active PGD outbreak (MacMillan et
al. 1989). This work narrowed the search leading to the discovery of the causative
organism associated with PGD (Burtle et al. 1991; Styer et al. 1991), the myxozoan
parasite Henneguya ictaluri (Pote et al. 2000).
An actinospore, Aurantiactinomyxon sp., shed by the cosmopolitan benthic
oligochaete Dero digitata was identified as the causative agent of PGD (Styer et al. 1991)
(Fig. 1.4). After release by the oligochaete, the actinospore floats throughout the water
column where it comes into contact with the catfish, releases the infective sporoplasm
into the host and migrates through tissues, with the final development to the myxospore
stage in the gills (Pote and Waterstrat 1993; Belem and Pote 2001). Recent DNA
evidence has linked the actinospore to the myxosporean parasite, H. ictaluri. Molecular
evidence shows that the Aurantiactinomyxon sp. discovered by Styer et al. (1991) and H.
ictaluri are alternate life stages of the same organism (Pote et al. 2000). To date, 30
myxozoan life cycles have been proposed, all involving alternating actinosporean stages
in oligochaete worms and a myxospore life stage in fish (Kent et al. 2001; Koie et al.
2004; Kallert et al. 2005a; 2005b; Bartholomew et al. 2007).
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Figure 1.4.

Henneguya ictaluri aurantiactinomyxon type actinospore. Bar = 20 µm

The environmental or chemical cues which influence the release of H. ictaluri
actinospores from the oligochaete host have yet to be determined. The release of the
triactinomyxon stage of M. cerebralis from the oligochaete host, T. tubifex, has been
shown to be temperature dependent (Markiw 1992; El-Matbouli et al. 1999), and both
research and case reports from the ADL, have shown that PGD outbreaks most often
occur, but are not limited to, spring and fall when water temperatures are between 16-25
°C (MacMillan et al. 1989; Wise et al. 2004; Khoo et al. 2008). Sporadic outbreaks have
been reported throughout the year at temperatures outside of this range but incidences are
rare. The most severe outbreaks occur during the spring, from late March to early June,
with a lesser incidence in the fall (Styer et al. 1994; Wise et al. 1999; 2004; Khoo et al.
2008).
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PGD more commonly occurs in newly constructed or recently reworked older
ponds (Macmillan et al. 1989; Johnson 1989; Styer et al. 1991). Dero digitata is
considered a pioneering organism and it is speculated that newly constructed or reworked
ponds provide an environment where D. digitata can establish high populations in a
noncompetitive environment. As the number of potential oligochaete hosts increase, the
conditions of the pond become favorable for rapid expansion of the myxozoan
populations within the system. As ponds age, D. digitata populations may be displaced
by competing benthic organisms resulting in significantly lower populations and reducing
the number of hosts capable of releasing the actinospore stage infective to the fish
(Killian 1994). It is still unclear how or when the myxospore stage is released by the fish
or how the oligochaete host is infected, but evidence points to a bi-modal cycle. Pote et
al. (2000) observed mature myxospores in channel catfish fingerlings 90 days postexposure to H. ictaluri actinospores, which correlates to observed case reports of highest
incidence in the spring and fall. Fish infected in spring would release mature myxospores
approximately 90 days post exposure, or mid summer. Released myxospores would be
ingested by the benthic oligochaetes and develop in the intestine over the course of
another 90 days, undergo maturation and be released as actinospores in the fall. Ninety
days post infection, approximately mid-winter, myxospores would again be released to
infect the oligochaete, which undergo development and are released from the
oligochaetes as actinospores in the spring. Although there is evidence through case
reports and infection studies to support this hypothesis, the life cycle has yet to be
completed in a laboratory setting and many questions regarding the required
10

environmental conditions for the life cycle remain unanswered (Styer et al. 1991; Wise et
al. 1999; Pote et al. 2000; Wise et al. 2004).
A significant problem with PGD is often seen in early spring, when fingerlings
understocked in production ponds for growout experience significant losses attributed to
PGD, even though the resident fish population shows no clinical signs of the disease. It
remains unclear whether this is due to sudden exposure of naïve fish to lethal
concentrations of actinospores or if larger resident fish are more resistant to the disease.
The increased disease prevalence and severity observed in the spring often results
in devastating losses to operations under-stocking ponds at the beginning of the
production cycle. However, PGD is not a major problem for most fingerling operations.
Typical fingerling operations stock fry in May and June and harvest fingerlings prior to
the start of the next spawning season (late winter or early spring). Harvested ponds are
then drained and either dried or poisoned to kill any remaining fish. Ponds are refilled
and left fallow for approximately one month before hatchery fry are reintroduced into the
system. This practice may inadvertently break the life cycle of the parasite as there are
no fish hosts present for the actinospore stage to infect during periods of peak actinospore
release. In addition since hatchery fry are raised in a PGD free environment, the
myxospore stages infective to D. digitata are not being introduced into the system.
Although speculative, these two factors may work in conjunction to minimize the
incidence of PGD in fingerling operations. In support of this theory, PGD is rarely
diagnosed within the first three months of production and on fingerling operations, is
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most commonly found in fingerlings that have been held in ponds for more than one
production cycle.
Even though recent advances in the understanding of other myxozoan life cycles
have provided insight into the biology of this organism, knowledge of the epidemiology
and pathogenesis of PGD remains incomplete. Therefore, to avoid significant losses,
current strategies focus on manipulating stocking and culture practices aimed at reducing
exposure of fish to conditions that result in severe manifestations of the disease (Wise et
al. 2004). Currently there are no therapeutic or prophylactic treatments for PGD and
attempted biosecurity methods have been unsuccessful (Mischke et al. 2001).

Treatment and control strategies
Although, there are no approved chemotherapeutic treatments for PGD, there has
been some evidence that subcutaneous injections of the cycloxygenase inhibitor,
indomethacin (1-(4-chlorobenzoyl)-5-methoxy2-methyl-1-H-indole-3-acetic acid), can reduce the severity of gill lesions in catfish
although mortalities still occur. These findings suggest that prostaglandins, products of
the cyclooxygenase pathway, participate in the pathophysiologic host response to PGD
and give some insight into the mechanism of the disease (Davis 1994).
Recently, there have been several reports utilizing pharmaceutical substances,
particularly anticoccidials, for the treatment of myxosporean infections in fish. The
anticoccidial, salinomycin, and the antimalarial, quinine, were found to be efficacious
against Henneguya sp. infection in the tapir fish Gnathonemus petersii (Dohle et al.
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2002). There is also evidence of successful control of Myxobolus sp. infections in
sharpsnout sea bream using the anticoccidials toltrazuril, salinomycin and amprolium
(Athanassopoulou et al. 2004). Fumagillin, an antibiotic commonly used to control the
microsporean parasite Nosema epis in honeybees, has been shown to be effective against
renal sphaerosporosis in carp (Molnar 1987), proliferative kidney disease in salmonids
(Hedrick et al. 1988) and Myxobolus sp. infections in sharpsnout sea bream
(Athanassopoulou et al. 2004). El-Matbouli and Hoffmann (1991) found fumagillin
effective in preventing clinical outbreaks of whirling disease in rainbow trout
experimentally infected with M. cerebralis, however, a later study adhering to protocols
meeting U.S. Food and Drug Administration requirements for new animal drug approval,
found fumagillin to be ineffective in the prevention or control of whirling disease (Gilbert
and Granath 2003). There are currently no published reports regarding the efficacy of
fumagillin, toltrazuril, amprolium, salinomycin or quinine to target the myxozan stage of
H. ictaluri in channel catfish.
Chemical therapeautics which target the oligochaete host without damaging the
rest of the pond ecosystem have also been investigated. In 2001, researchers investigated
the ability of numerous chemical agents to interrupt the life cycle of H. ictaluri through
the elimination of the oligochaete host, D. digitata. Formalin, Chloramine – T, sodium
chloride (NaCl), potassium permanganate (KMNO4), copper sulfate (CuSO4), hydrogen
peroxide (H2O2), Rotenone® (C23H22O5, 5% solution, Prentiss, Inc., Sandersville,
Georgia, USA) and Bayluscide® (niclosamide, 70% wettable powder, Bayer Chemical
Co., Kansas City, Missouri, USA), were all tested for their ability to eliminate the
13

oligochaete worm without damaging the fish population. Unfortunately, doses required
for these agents to successfully eradicate the D. digitata population are not cost effective
and require multiple treatments, making them an impractical treatment option (Mischke
et al. 2001). Futhermore, Bayluscide® is highly toxic to catfish.
Chemical agents are a useful tool after an outbreak has occurred and the pond has
been drained, but they are not successful in eliminating the oligochaetes while fish are
present. The benthic substrate and organic matter in ponds inhibit the efficacy of
chemical treatments, raising chemical doses to achieve a LC50 for D. digitata to doses
also lethal to fish (Mischke et al. 2001). It seems evident that novel management
practices may be the only feasible solution to the PGD problem.
Common carp (Cyprinus carpio) used as a biological control agent of the
oligochaete host appear to have limited success initially, but as the carp increase in size
the smaller oligochaetes are no longer a preferred food organism and repeated stocking of
appropriately sized carp is impractical in a commercial catfish ponds (Burtle and Styer
1996). Similarly, the fathead minnow (Pimephales promelas) has been proposed as a
potential biological control agent in catfish ponds. Fatheads are small fish which feed
primarily on oligochaetes and algae, are economically favorable, and also serve as a
dietary supplement for the catfish. Unfortunately, predation by catfish will decimate a
fathead population unless adequate spawning areas are provided. In order for fathead
minnows to be an efficient biological control method their numbers need to be
maintained above 2,000 per acre, which has proven to be a difficult task (Burtle 1998).
Smallmouth buffalo (Ictiobus bubalus) have also been used as a possible biological
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control agent with stocking densities of 2-3 fish per acre, but reported success is
anecdotal, and current research is unsubstantiated.
Supportive therapies for PGD involve restricted feeding to reduce the oxygen
demand of the fish, and increased aeration and pond salinity to reduce oxygen stress.
Although these actions may reduce mortality, reported success is anecdotal (Mitchell et
al. 1998; Wise et al. 2004). Water quality should be monitored closely to prevent the
onset of nitrite induced methemoglobinemia, which decreases the oxygen carrying
capacity of the blood (Huey et al. 1980, Bowser et al. 1985), potentially exacerbating
losses to PGD. Although mechanical aerators increase dissolved oxygen in the pond,
they may contribute to the problem by increasing the dispersal of the actinospore stage
throughout the water column, although this is speculative and without subsequent
aeration significant losses may occur regardless. In salmonid aquaculture, the life cycle
of myxozoans is broken by culturing fish in concrete raceways or other culture units that
do not provide the earthen substrate required by the oligochaete host, which is not
economically feasible in large catfish ponds.
Recovery has been observed in fish moved to a clean, well oxygenated
environment and has proven to be effective in avoiding mortality if the outbreak is caught
early enough (Wise et al. 2004). Theoretically, catfish infected with H. ictaluri can
perpetuate the life cycle if placed in a pond without an ongoing outbreak, and there is
potential to spread the parasite. Research has shown, however, that H. ictaluri is endemic
on most catfish farms, and the parasite is likely to already be present in a majority of the
commercial catfish ponds (Bellerud 1993; Bellerud et al. 1995; Wise et al. 2004; 2008).
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Monitoring and surveillance of PGD using sentinel fish allows farmers to
determine when it is safe to stock a pond following a PGD outbreak. Research has
shown there is a strong correlation between the percentage of broken gill filaments in
affected fish and pond mortalities (Wise et al. 2004; 2008). The Fish Health
Management Program and the Thad Cochran National Warmwater Aquaculture Center
has developed a protocol to determine severity of PGD in ponds. Using parasite free
sentinel catfish, the potential for severe outbreaks in the spring or the condition of a pond
following a PGD outbreak can be determined. Ten specific pathogen free (SPF) fish are
held in net-pens or cages for 7 days. On day 7, fish are necropsied and gill tissues are
examined microscopically for chondrolytic lysis of the gill filaments. Quantitative
evaluation of the infection is determined by calculating the percent of primary gill
lamellae containing lytic lesions in the cartilage of approximately 40-80 gill filaments
from the same side of each fish. A mild infection, described as 1-5% of gill filaments
exhibiting chondrolytic lesions, has little to no effect on the health of the fish. Moderate
infections, in which no direct mortalities are observed, usually correlate with 6-15% of
filaments exhibiting condrocytic lysis. Severe infections, where mortalities are observed
in 1-2 weeks, will have breaks in greater than 15% of examined filaments. In the
presence of a moderate to severe infection the sampling protocol is repeated for another 7
days, at which point, gills are examined again as described previously. When the severity
of infection decreases from one sampling period to the next and losses do not occur in
sentinel fish, the system can be stocked with little risk of losing fish. Unfortunately,
severe gill damage and death often occurs in less than 7 days post exposure, resulting in a
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need to repeat the protocol, resulting in a delay in determining the state of infection in a
given pond (Wise et al. 1999; 2004; 2008). Other disadvantages are that the protocol
requires a source of SPF fish, hauling tanks, transport equipment and the protocol takes a
minimum of two weeks to determine the dynamics of the ongoing infection. This
protocol is also limited in that sentinel fish are not of practical use to accurately predict
when a pond will have a PGD outbreak during the PGD season and it cannot identify an
increase in mild, sub-clinical infections between sampling periods.
Another potential control measure is to culture a catfish species less susceptible to
PGD. Blue catfish (Ictalurus furcatus) possess several attributes which make them
desirable for aquaculture. They have a comparable dressing percentage to channel catfish,
are relatively easy to seine, have high individual weight gains in temperate regions, and
are more resistant to several diseases that affect channel catfish, such as enteric
septicemia and channel catfish virus (Giudice 1966; Tidwell and Mims 1990; Graham
1999). Research has also shown that channel catfish and blue catfish are affected
differently by H. ictaluri infection. When placed in ponds with an outbreak of PGD, blue
catfish displayed significantly less gill damage than channel catfish simultaneously held
in the same pond (Bosworth et al. 2003). However, aquaculturists find blue catfish are
slower to mature, have relatively poor food conversion rates, low captive spawning rates
and are more susceptible to infection by the gram-negative bacteria Flexibacter
columnare and the protozoan parasite Ichthyophthirius multifiliis than channel catfish
(Dunham et al. 1993; Graham 1999).
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H. ictaluri specific polymerase chain reaction
Several recent reviews have discussed advances in our understanding of the life
histories and phylogeny of the myxozoa (Kent et a. 2001; Fiala 2006). Much of this
knowledge is attributable to the advent of molecular methods, namely PCR and end-label
sequencing of 18S small subunit (SSU) rDNA, which in addition to morphological
characteristics has allowed more reliable identification and distinction between similar
species. The 18S SSU rDNA sequences of many myxozoans are now readily available
via Genbank, and novel sequences are added regularly. This provides the resources
required to rapidly obtain a phylogenetic classification of a novel organism once the
appropriate genetic sequence is obtained. Another advantage of identification by 18S
SSU rDNA sequences is the ability to identify alternate actinospore and myxospore life
stages in oligochaete and fish hosts, molecularly confirming many previously unknown
life cycles (Andree et al. 1997; Bartholomew et al. 1997; Palenzuela et al. 1999; Lin et al.
1999; Anderson et al. 2000; Pote et al. 2000; Whitaker et al. 2001; Grossel et al. 2005;
Kallert 2005a; 2005b.).
Using primers specific for the 18S SSU rDNA of H. ictaluri, researchers have
developed a diagnostic polymerase chain reaction (PCR) assay for H. ictaluri by
comparing the genetic sequences of four actinosporean species commonly found in
catfish ponds (Lin et al. 1999; Pote et al. 2000; Hanson et al. 2001; Whitaker et al. 2001;
Whitaker et al. 2005.) The ability of the PCR test to detect H. ictaluri infection in
channel catfish was assessed by comparing the DNA based assay to conventional
diagnostic methods of histology and microscopic examination of gill clip wet mounts.
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Researchers found the DNA based assay to be more sensitive than conventional
diagnostic methods and more accurate in detection of sub-clinical infections (Whitaker et
al. 2001), although the relationship to sub-clinical infections and mortality has not been
shown.
Furthur research involved utilizing the H. ictaluri specific PCR assay in the
detection of the actinospore stage in benthic oligochaetes and water samples. The PCR
assay detected early stages of H. ictaluri in oligochaetes and water samples, prior to
infection of the channel catfish population, confirming the organism can be detected prior
to infection. Correlation of the PCR assay to clinical signs of PGD is difficult however,
because PCR is subjectively quantifiable (Whitaker et al. 2005). There is also some
debate regarding the length of time actinospores remain infective following release by the
oligochaete host. Research has identified differences based on water temperature and
species, but generally the actinospores stage could remain viable from 5-12 d (Ratliff
1983; Markiw 1992; Yokoyama et al. 1993; Xio and Desser 2000; Whitaker et al. 2005).
Current research regarding the viability of the H. ictaluri actinospore identified the
infective window to be approximately 24 h post release (Wise et al. 2004; 2008),
therefore PCR of water samples is representative of total DNA copies collected, and not
necessarily infective actinospores.

Real-time quantitative polymerase chain reaction
Real-time quantitative polymerase chain reaction assays (QPCR) have made PCR
a quantitative molecular technique and are rapidly becoming standard procedures in a
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wide variety of diagnostic settings (Mackay et al. 2002). Real-time PCR combines
nucleic acid amplification and detection into a single step utilizing different fluorescent
chemistries that correlate PCR product concentration to fluorescence intensity. This
gives researchers the ability to simultaneously detect and quantify specific nucleic acid
sequences (Higuchi et al. 1993; Wong and Medrano 2005; Houghton and Cockerill
2006). QPCR reactions are characterized by the cycle in which fluorescence intensity
reaches a predetermined threshold significantly greater than background fluorescence,
referred to as the cycle threshold (CT). As a consequence of PCR chemistries, the greater
the initial concentration of target nucleic acid, the earlier amplification will be detected.
As such, lower CT values represent greater starting quantities of target nucleic acid
(Higuchi et al. 1993; Heid et al. 1996; Wong and Medrano 2005).
There are several quantification strategies, but in cases where samples are
analyzed on different days on different plates, absolute quantification by a standard curve
is preferred (Wong et al. 2005). Using serially diluted standards of a known nucleic acid
concentration, a standard curve can be generated that produces a linear relationship
between CT and initial concentrations of the target nucleic acid. Standards are generally
the target nucleic acid sequence cloned into a plasmid. Assuming that all standards and
samples have approximately equal amplification efficiencies, the concentrations of target
nucleic acid sequences from unknown samples can be calculated according to their CT
values and plasmid standard equivalents (PSE) can be determined (Heid et al. 1996;
Souaze et al. 1996; Wong et al. 2005). QPCR provides researchers with a nucleic acid
based assay that not only confirms the presence/absence of the target organism, but can
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indirectly quantify the amount of pathogen present in host tissue or environmental
samples.

Detection and quantification of waterborne parasites in environmental samples
QPCR has been utilized in the detection of pathogens in a number of systems,
including fish and environmental water samples (del Cerro et al. 2001; Bilodeau et al.
2003; Corbeil et al. 2003; Fontaine et al. 2003; Guy et al. 2003; Cavander et al. 2004;
Chase et al. 2006; Balacázar et al. 2007; Panangala et al. 2007). Recently, a QPCR assay
has been utilized to detect the presence of the actinospore stage of C. shasta in river
water samples (Hallett and Bartholomew 2007).
Currently there are a vast array of methods utilized in the concentration,
purification and detection of infective stages of waterborne parasites (Marshall et al.
1997). Filtration methods have been used to collect the actinospore stages of M.
cerebralis and C. shasta from streams (Thompson and Nehring 2000; Arndt and Wagner
2003; Hallett and Bartholomew 2006), but there are two major hurdles to overcome in
order to utilize a filtration method of actinospore quantification in catfish ponds.
Primarily, the extremely small size of the target organism and the abundance of
phytoplankton, zooplankton and fine particulates make filtering catfish pond water
difficult and cumbersome as the filter is easily clogged. Secondly, humic substances,
often present in environmental samples, are a major source of PCR inhibition. However,
there have been several methods proposed to separate DNA from these organic inhibitors
(Wilson 1997). Presently, there are commercial kits available for the separation and
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purification of DNA from humic substances which provides rapid and efficient
processing of DNA samples from problematic substrates (Mota et al. 2005). Using a
modification of the methodologies described by Hallett and Bartholomew (2006), a
commercial soil DNA extraction kit designed to specifically remove humic compounds
and other potential PCR inhibitors could be used in conjunction with several
centrifugation steps to isolate and quantify H. ictaluri DNA from pond water samples.
The water sampling protocol was used in conjunction with gross examination of
gill clip wet mounts in an attempt to correlate actinospore concentrations in catfish ponds
to disease severity observed in sentinel fish. Quantification of actinospore concentrations
in pond water can then be used in lieu of sentinel fish for determination of the PGD status
of a pond prior to stocking.

Detection and quantification of H. ictaluri in fish tissue
As described above, QPCR assays have been used in the detection of a number of
pathogens in fish tissue (del Cerro et al. 2001; Bilodeau et al. 2003; Corbeil et al. 2003;
Covander et al. 2004; Balacázar et al. 2007; Panangala et al. 2007). These assays often
provide greater sensitivity than conventional diagnostic techniques and they offer the
ability to quantify pathogens at low levels of infection. Based on these studies, a protocol
will be developed to detect and quantify H. ictaluri in gill tissue in sentinel fish exposed
to a PGD positive pond for 24 hours. Using a similar strategy as described above, the
condition of a pond, with respect to PGD, can be determined in 1 week by sampling
sentinel fish at 2 separate 24 hour periods, 7 days apart. Since H. ictaluri actinospores
22

are infective for approximately 24 hours post-release (Wise et al. 2004), molecular
detection of H. ictaluri in fish observed 24 hours post-exposure to a pond indirectly
represents the rate at which actinospores are being released into the pond.
It is hypothesized that the quantifiable nature of the assay will provide a means to
identify increasing or decreasing concentrations of actinospores in the pond. In
conjunction with gill clip wet mounts, a pond identified as having a moderate to mild
infection with a decreasing rate of actinospore release could be restocked with a lower
risk of losing fish. The QPCR methodology will provide information on the PGD status
of a pond in seven days rather than the minimum of two weeks required for the current
protocols being used by the industry.

H. ictaluri infection in channel catfish, blue catfish and blue x channel hybrids
Differences in susceptibility to myxozoan infection between closely related fish
species is not uncommon, as demonstrated by the varying levels of susceptibility of
closely related salmonids to M. cerebralis and C. shasta infection (Ibarra et al. 1992;
1994; Hedrick et al. 1999a; 1999b). The etiology of the observed differences in response
of blue catfish, channel catfish and blue x channel hybrids to H. ictaluri exposure is
unclear (Bosworth et al. 2003). It is unknown whether H. ictaluri is able to penetrate and
establish infection in blue catfish but does not illicit the same inflammatory response as
in channel catfish and hybrids or if H. ictaluri penetrates and enters the blue catfish but is
cleared by the hosts defenses before infection can be established, or if the blue catfish
possess a defense mechanism that prevents the organism from penetrating and entering
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the blue catfish altogether. In hopes of providing some insight to the questions raised
above, a comparative study of the response of channel catfish, blue catfish, and blue x
channel hybrids to water from a pond with an active outbreak of PGD was conducted.
Using all of the currently available diagnostic techniques, blood and gill tissues were
analyzed for differences in the parasite loads of blue catfish, channel catfish and their
hybrid cross when simultaneously exposed to a PGD positive pond.

Research goals
The objectives of this research were to develop a QPCR assay for H. ictaluri to be
used as a diagnostic and research tool, to evaluate its ability to detect and quantify the life
stages of H. ictaluri in fish tissue and environmental samples, and to utilize this tool in a
comparative study of PGD infection in blue catfish, channel catfish and their hybrid
cross. Validation of the QPCR assay will be a major building block in the development
of risk assessment and epidemiological models for PGD. Once methodologies for QPCR
protocols are validated, the assay can be used for PGD epidemiology studies to monitor
disease activity in ponds, identify potential point sources of seasonal outbreaks, assess
treatments, demonstrate the relationship between actinospore release and disease severity
and provide catfish farmers with a method of determining when ponds are safer to
restock.
Additionally, since DNA is conserved throughout the life cycle regardless of host,
QPCR will be able to monitor the development of the organism in fish tissue. This will
allow researchers to compare the course of infection of H. ictaluri in different species of
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fish, thus expanding our understanding of host susceptibility. Identification of
mechanisms used to prevent development of proliferative gill disease in blue catfish
could prove invaluable in a selective breeding program.
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CHAPTER II
A REAL TIME POLYMERASE CHAIN REACTION ASSAY FOR
THE DETECTION OF THE MYXOZOAN PARASITE
HENNEGUYA ICTALURI IN CHANNEL CATFISH

Introduction
Proliferative gill disease (PGD), first reported in 1981, is one of the most
significant parasitic infections to affect the commercial production of channel catfish,
Ictalurus punctatus Rafinesque, 1818. Losses are greatest at temperature ranges of 16 to
25 °C and can result in mortality rates in excess of 50% (Bowser, et al. 1985; MacMillan,
et al. 1989). The disease, commonly known as “hamburger gill” is characterized grossly
by swelling, hemorrhage, and distortion of the gill filaments creating a mottled
appearance. Chondrolysis due to localization of parasitic trophozoites causes the gill
filaments to become fragile and break. Epithelial cell hyperplasia and inflammatory cell
infiltration associated with the developing organism drastically reduce the gill surface
area, severely inhibiting gas exchange and osmoregulation (Bowser et al. 1985;
MacMillan et al. 1989). Infected fish swim listlessly near the water’s surface exhibiting
behaviors consistent with oxygen stress. Outbreaks of PGD are highly unpredictable and
many cases go unreported (Wise et al. 2004). Losses can occur in all sizes of fish,
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however, smaller fish appear to be most susceptible to the disease. Additional monetary
losses may occur from sub-clinical infections which result in decreased feed intake and
growth rates. Currently there are no efficacious therapeutic or prophylactic treatments
for PGD and attempted biosecurity methods have been unsuccessful (Mischke et al.
2001; Wise et al. 2004).
Molecular evidence has confirmed previous work (Burtle 1991; Styer et al. 1991;
Bellerud 1993; Bellerud et al. 1995) linking the cause of the disease to the myxozoan
parasite Henneguya ictaluri (Pote et al. 2000; 2003). The complex life cycle involves a
myxospore stage in channel catfish and an actinospore stage in the benthic oligochaete
Dero digitata (Bellerud 1993; Bellerud et al. 1995; Hanson et al. 2001; Pote et al. 1994;
2000; 2003; Whitaker et al. 2001; 2005; Wise et al. 2004). Damage to gill tissue is
thought to result from the development of an intense inflammatory response by the fish in
response to penetration and proliferation of the actinospore stage of the parasite life cycle
(Pote et al. 2000; Wise et al. 2004; 2008) (Fig. 2.1).
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Figure 2.1.

Henneguya ictaluri aurantiactinomyxon type actinospore. Bar = 20

A presumptive diagnosis is based on the presence of lytic areas in the filamental
cartilage, seen microscopically in gill wet mounts (Pote et al. 2003; Wise et al. 2004;
2008) (Fig. 2.2), however this method is more reliable in smaller fish where size does not
limit the number of filaments that can be accurately examined. Trophozoites are
typically not seen unless histopathology is performed. The diagnosis is confirmed based
on the presence of multinucleated trophozoites surrounded by granulomatous
inflammation (Fig. 2.2, 2.3) in hematoxylin and eosin stained tissue sections or by H.
ictaluri specific polymerase chain reaction (PCR) (Pote et al. 2000; 2003; Whitaker et al.
2001; 2005) Research has shown that although PCR is more sensitive than histology and
more reliable in detecting early stages of infection (Whitaker et al. 2001), it is unable to
objectively quantify the level of infection and is relatively time consuming in that it
requires post-reaction processing.
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Figure 2.2.

Wet mount preparation of gill clips from a channel catfish fingerling with
proliferative gill disease. Note characteristic foci of chondrolysis in the
filamental cartilage (arrows). Bar = 1 mm

Figure 2.3

Histologic section of gill from a channel catfish fingerling with
proliferative gill disease. There is widespread fusion of lamellae due to
filling of lamellar troughs by epithelial hypertrophy and hyperplasia (A).
Multinucleated trophozoites are surrounded by granulomatous
inflammation (B) and lytic foci can be visualized within filamental
cartilage (C). Hematoxylin and eosin stain; Bar = 0.5 mm
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Figure 2.4

Histologic section of gill from a channel catfish fingerling with
proliferative gill disease. Arrows identify deeply basophilic granular
aggregates composed of multiple small trophozoites. Hematoxylin and
eosin stain; Bar = 50 μm

Real-time PCR (QPCR) utilizes PCR chemistry in conjunction with fluorogenic
probes to detect and monitor the amplification of reaction products after each
amplification cycle (Heid et al. 1996). This allows rapid detection and quantification of
PCR product as well as a means to monitor the reaction as it progresses, thereby
eliminating the need for post reaction processing. Reactions are characterized by the
PCR cycle in which target amplification emits sufficient fluorescence to cross a
predetermined threshold significantly greater than background fluorescence, referred to
as the cycle threshold (CT) (Heid et al. 1996; Wong and Medrano 2005). Consequently,
the greater the starting quantity of target DNA added to a reaction, the fewer number of
cycles necessary for a significant increase in fluorescence to appear, yielding a lower CT
value. Using serially diluted standards of known concentrations to generate a standard
curve, absolute quantitation of PCR product can be determined, assuming standards and
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samples have approximately equal amplification efficiencies. Standards for double
stranded DNA are normally created by cloning the target amplicon in a plasmid vector
(Heid et al. 1996; Souze et al. 1996; Wong and Medrano 2005). The standard curve
produces a linear relationship between CT values and starting quantities of template DNA,
allowing the determination of plasmid standard equivalents (PSE) for unknown samples
based on their respective CT values (Heid et al. 1996; Wong and Medrano 2005).
Quantitative real-time PCR has been utilized in the detection of pathogens in a
number of aquatic systems, including fish tissues and environmental water samples
(Bilodeau et al. 2003; Fontaine and Guillot 2003; Guy et al. 2003; Cavander et al. 2004;
Kelley et al. 2004; Chase et al. 2006; Hallett and Bartholomew 2006; Balacázar et al.
2007). These assays are often more sensitive than conventional diagnostic techniques
and offer the ability to quantify the pathogen, even at very low levels. In most cases,
real-time PCR provides a rapid, more sensitive means of pathogen detection than
conventional end-point PCR (Houghton and Cockerill 2006) and may be less subject to
contamination than nested PCR assays.
Development of a more sensitive, quantifiable method of detecting sub-clinical
PGD infections in channel catfish is important during the spring and fall when
identification of a potential outbreak can avert major economic losses to the disease. A
QPCR assay specific for H. ictaluri was developed for the detection and quantification of
H. ictaluri infections in channel catfish and the assay’s efficacy as a diagnostic tool was
compared to the currently used diagnostic techniques; conventional PCR and microscopic
examination of histologic sections and gill wet mounts.
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Materials and methods
Actinospore collection
Benthic sediment was collected from a commercial channel catfish pond
experiencing an outbreak of PGD in the resident catfish population, diagnosed by the
Aquatic Diagnostic Laboratory (ADL), National Warmwater Aquaculture Center,
Stoneville, MS (NWAC). Dero digitata were isolated from the benthic sediment
(Bellerud 1993; Pote et al. 1994; Bellerud et al. 1995) and observed for 72 hours for the
passing of the actinospore stages of H. ictaluri, H. exilis, and Aurantiactinomyxon
mississippiensis. Organisms were identified morphologically according to descriptions of
actinospores commonly found in commercial channel catfish ponds (Bellerud 1993).
Actinospores of each species were pooled separately, enumerated and a subsample saved
for molecular confirmation by sequencing (Hanson et al. 2001; Whitaker et al. 2001).

DNA extraction from actinospores
Actinospores were suspended in 20 ml of nuclease free H2O and gently stirred
with a magnetic stir bar. The concentration of actinospores/µl was determined by
counting the number of actinospores in 10 separate 10 µl samples. Eight aliquots of
volumes representative of 25 and 100 H. ictaluri actinospores were collected using a
volumetric pipette and placed in individual 1.5 ml microcentrifuge tubes. Sixteen
aliquots containing a single actinospore and eight aliquots containing 5 and 10
actinospores were collected using a fine glass pipette and also placed directly in
individual 1.5 ml microcentrifuge tubes. The actinospores were centrifuged at 7,000 x g
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for 10 min. All but 200 μl of the supernatant was removed and the pellet was
resuspended in 600 μl of cell lysis solution from the Puregene® DNA isolation kit
(Gentra Systems, Inc., Minneapolis). Proteinase K (20 mg/ml) was added prior to
overnight incubation at 55 °C. The remainder of the isolation was carried out according
to the DNA isolation kit manufacturer’s suggested protocol. The purified genomic DNA
was then suspended in 30 μl of Puregene® DNA hydration solution (Gentra Systems,
Inc., Minneapolis) (10 mM Tris, 1 mM EDTA, pH 7.0 – 8.0) and stored at -80 °C.

Sequence amplification and cloning of SSU rRNA genes
Target regions of the small subunit (SSU) ribosomal RNA (rRNA) genes were
amplified from the actinospore genomic DNA of each of the 3 myxozoan species using
the universal myxozoan primers H2 and H9 (Hanson et al. 2001) (Table 2.1). The 25-µl
PCR reaction mixtures contained 2.5 µl of 10X reaction buffer (10 mM of Tris, 50 mM
of KCl, pH 9.0, 4.0 mM of MgCl2), 2.0 µl of dNTP deoxyribonucleotide triphosphate)
mixture (2.5 mM of each dNTP), 5 pM of each primer, 0.5 units of Takara® hot start Taq
polymerase (Takara Bio USA, Madison, WI), 2 μl of DNA template, and nuclease-free
H2O to volume. The PCR was carried out using a PTC-100 thermal cycler (GMI, Inc.,
Ramsey, MN) programmed for 1 cycle of 95 °C for 10 min, 50 °C for 2 min, and 72 °C
for 4 min, followed by 35 cycles of 92 °C for 1 min, 50 °C for 1 min, and 72 °C for 3
min, with a final extension cycle of 72 °C for 5 min. The PCR amplification products
were analyzed by electrophoresis on a 1.5% agarose gel and stained with Gelstar® nucleic
acid stain (Cambrex, East Rutherford, NJ) to confirm the presence of the 714-bp product.
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The PCR product was then purified using a Montage® PCR centrifugal filter device
(Millipore, Billareca, MD) and cloned using the PCR4-TOPO® cloning kit (Invitrogen,
Carlsbad, CA). The plasmid clones with 18S SSU rRNA gene inserts from H. ictaluri, A.
mississippiensis, and H. exilis were each grown in culture overnight and plasmid
purification was performed using the Qiagen® plasmid mini-prep kit (Qiagen
Inc.,Valencia, CA) The inserts were sequenced using the H2 and H9 primers (Hanson et
al. 2001) (Table 2.1) on double-stranded DNA (Sanger et al. 1977) using the ABI prism
dye terminator cycle sequencing ready reaction kit®, (Applied Biosystems, Foster City,
CA) and AmpliTaq DNA polymerase (Applied Biosystems, Foster City, CA). Excess
unincorporated dideoxy terminators from the completed DNA sequencing reactions were
removed by spin column purification with Centrisep® spin columns (Princeton
Separations, Inc., Adelphia, NJ) and the sequencing reaction products were analyzed on
an ABI prism 310 genetic analyzer® (Applied Biosystems, Foster City, CA). The 714-bp
amplicons were confirmed to be H. ictaluri, H. exilis, and A. mississippiensis by a
BLASTn search (nucleotide Basic Local Alignment Search Tool;
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) for similar sequences from the National
Center for Biotechnology Information nonredundant nucleotide (nr/nt) database. The
purified plasmid myxozoan DNA was quantified using a Nanodrop® spectrophotometer
and accompanying software (v 3.2.1) (Nanodrop Technologies, Inc. Wilmington, DE).
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TaqMan probe design
Sequence alignments of the 18S SSU rRNA genes of H. ictaluri (GenBank
accession number AF195510), A. mississippiensis (GenBank accession number
AF021878), and H. exilis (GenBank accession number AF021881) were performed using
CLUSTAL software (San Diego Super Computer Biology Workbench v3.1, University of
San Diego, San Diego, CA), concentrating on a 175-bp highly variable region from nt
1490 to nt 1665 in the 18S SSU rRNA genes (Hanson et al. 2001; Iwanowicz et al. 2008).
A unique H. ictaluri–specific TaqMan probe was designed based on the 104-bp region
from nt 1516 to nt 1619 amplified by the H. ictaluri–specific primers A1-1 and A1-2
(Whitaker et al. 2001; Pote et al. 2003; Whitaker et al. 2005) (Table 2.1). The 23-bp
probe sequence (5’-TCAGCCTTGATGTTGCCACCTCA-3’) beginning at nt 1573 was
commercially prepared (Sigma-Genosys, Sigma-Aldrich Co., St. Louis, MO) and labeled
with the fluorescent reporter dye, 6-carboxyfluorescein (FAM), on the 5’ end, and the
quencher dye, black hole quencher-1 (BHQ-1), on the 3’ end. A BLASTn search for
similar sequences was performed as described previously to ensure the sequence was
unique to H. ictaluri.

Generation of QPCR standards
Target regions of the 18S SSU rRNA genes were amplified from genomic DNA
of H. ictaluri actinospores and specific pathogen–free (SPF) channel catfish by use of H.
ictaluri specific PCR primers (Whitaker et al. 2001; Pote et al. 2003) and universal 18S
SSU rRNA primers (Elibol-Fleming 2006), respectively (Table 2.1). The PCR was
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carried out as described previously and again the PCR amplification products were
analyzed by electrophoresis to confirm the presence of a single PCR product. The target
amplicons were purified and the plasmid clones with 18S SSU rRNA gene inserts from
H. ictaluri and channel catfish were grown in culture overnight prior to plasmid
purification and quantification as previously described. The plasmid standard
concentrations were adjusted to 1.0 ng/μl and serially diluted to be utilized for the
generation of standard curves and serve as positive controls for quantitative real-time
PCR analysis.

Table 2.1.

Primer and probe sequences

Name

Direction

Sequence*†‡

Reference

A1-1

Forward

5’ - CAAAAGTTTCTGCTATCATTG - 3’

Whitaker et al.
2001

A1-2

Reverse

5’ – AGCGCACAGATTACCTCA - 3’

Whitaker et al.
2001

H9

Forward

5’ - TTACCTGGTCCGGACATCAA – 3’

Hanson et al.
2001

H2

Reverse

5’ – CGACTTTTACTTCCTCGAAATTGC - 3’

Hanson et al.
2001

18SCCF

Forward

5’ - CGGAGAGGGAGCCTGAGAA – 3’

Elibol-Fleming
2006

18SCCR

Reverse

5’ - CGTGTCGGGAATGGGTAATTTG - 3’

Elibol Fleming
2006

HITMP

Probe

5’ - [FAM] - TCAGCCTTGATGTTGCCACCTCA - [BHQ1] – 3’

This paper

18STMP

Probe

5’ - [HEX] – ACCACATCCAAGGAAGGCAGCAGGC - [BHQ1] - 3’

Elibol Fleming
2006

* FAM = 6-carboxyfluorescein
† HEX = hexachloro-6-carboxy-fluorescein
‡ BHQ1 = Black Hole Quencher-1

QPCR
The 12.5-μl PCR contained 6.25 μl Biorad IQ® supermix (BioRad, Hercules, CA),
20 pM of each primer (A1-1 and A1-2), 0.25 pM of TaqMan probe (HITMP), 3 μl of
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template DNA, and nuclease-free H2O to volume. Amplifications were performed on a
Biorad Icycler v3.1® (BioRad, Hercules, CA) programmed for 1 cycle of 95 °C for 3 min
and 30 seconds, followed by 40 cycles of 95 °C for 30 sec, 56 °C for 1 min, and 72 °C for
30 sec. Data collection was carried out following the 72 °C elongation step at the end of
each cycle.

QPCR specificity and sensitivity
The assay was tested on equal concentrations (1 × 10-2 ng) of plasmid DNA
inserts of the 3 myxozoan species commonly found in commercial channel catfish ponds,
along with genomic DNA from actinospores (n = 1000) of the closely related A.
mississippiensis and SPF channel catfish. Sensitivity was tested on genomic DNA
isolated as described above from 8 aliquots containing 5, 10, 25, and 100 H. ictaluri
actinospores and 16 aliquots containing a single actinospore. Reactions for aliquots
containing each of the selected numbers of actinospores were performed in triplicate. The
CT was set at 25 for all runs, and sample CT values were compared to CT values from a
standard curve of a serially diluted plasmid of the H. ictaluri–specific PCR amplicon.
Plasmid standard equivalents were determined for unknown samples by comparing their
CT values against that of the serially diluted plasmid standards. Data was considered valid
if the slope of the standard curve was between –3.1 and –3.6, representing reaction
efficiencies between 90% and 110% (Wong and Medrano 2005). Actinospore PSEs were
calculated for each individual aliquot by dividing the sample PSE by the number of
actinospores analyzed. Data analysis was conducted using SAS software version 9.1
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(SAS Institute, Inc. Cary, NC) and actinospore PSEs per aliquot were compared using
Scheffé’s least significant difference test for unequal sample sizes (P < 0.05).

QPCR inhibition
To test for inhibition by host DNA, genomic DNA was isolated from SPF channel
catfish as described above. This genomic DNA was suspended in 100 μl of Puregene®
DNA hydration solution (Gentra Systems, Inc., Minneapolis, MN) (10 mM of Tris, 1 mM
of EDTA, pH 7.0–8.0), spiked with 10 ng of the H. ictaluri plasmid DNA and serially
diluted with catfish DNA. In addition, 10 ng of H. ictaluri plasmid DNA was suspended
in 100 µl of nuclease-free water and serially diluted with nuclease-free water. Both
dilution series were analyzed simultaneously according to the quantitative real-time PCR
protocol described above, and the CT was set at 25 for all runs.

Evaluation of quantitative real-time PCR as a diagnostic technique
All diagnostic methods were evaluated by testing their ability to detect H. ictaluri
stages in fish that had been held in a PGD-positive pond for 1 or 7 d. Fifteen SPF
channel catfish fingerlings were placed in each of 2 net pens, designated A and B, and
held in a commercial channel catfish pond with clinically diagnosed PGD in the resident
fish population. All fish (n = 15) were sampled from net pen A after 1 d in the pond. On
day 6, 15 SPF channel catfish fingerlings were replaced in net pen A and held adjacent to
net pen B. All fish were sampled from both cages (n = 15 fish/cage) on day 7. Upon
removal from the pond, fish were transported live to the NWAC in an aerated holding
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tank then euthanized immediately by an overdose (1000 mg/l) of MS-222 (3aminobenzoic acid ethyl ester methanesulfonate) (Argent Chemical Laboratories, Inc.,
Redmond, WA).

Gross examination and histology
The presence and severity of PGD lesions were determined by microscopic
examination of wet mounts of gill clips (~40–80 filaments) from a left gill arch. A
second gill clip (~40–80 filaments) was removed from a left gill arch and processed for
molecular analysis. The presence and severity of PGD was determined by microscopic
examination of histologic sections of samples from a right gill arch. Individual gill
arches from the right side of the fish were removed and placed in 10% neutral buffered
formalin for a minimum of 24 hr. Tissues were then processed by dehydration in a
graded series of ethanol solutions of increasing strength, followed by clearing in a series
of xylenes, embedding in paraffin, and sectioning at 6 µm. Prepared slides were stained
with H&E (Luna 1968) and samples were designated as positive or negative based on the
presence of the characteristic multinucleated trophozoites (Figs. 2.3, 2.4) (MacMillan et
al. 1989; Pote et al. 2001; 2003). For wet mount examination, PGD was defined as the
presence of lytic lesions in the cartilage of the gill filaments (Fig. 2.2) (Pote et al. 2003;
Wise et al. 2004; 2008).
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QPCR analysis
Gill clips designated for molecular analysis were placed in 600 μl of Puregene®
cell lysis solution (Gentra Systems, Inc., Minneapolis, MN) and initially incubated for 10
min at 95°C prior to the addition of 3 μl of proteinase K (20 mg/ml). Samples were then
incubated at 55°C until all tissue had dissolved. The remainder of the isolation was
carried out according to the manufacturer’s suggested protocol. After drying by vacuum
centrifugation, the purified DNA was resuspended in 100 μl of Puregene DNA hydration
solution (Gentra Systems, Inc., Minneapolis, MN) (10 mM of Tris, 1 mM of EDTA, pH
7.0–8.0) and quantified as previously described. At least 1 ng of total genomic DNA was
added to each reaction, and all samples were analyzed in triplicate according to the
quantitative real-time PCR protocol previously described. To correct for initial template
variations between samples, 18S SSU rRNA PSEs were determined, along with H.
ictaluri DNA PSEs, using the 18S SSU rRNA and probe combinations described
previously (Elibol-Fleming B: 2006). Sample CT values were compared to a standard
curve based on serially diluted plasmid standards of the amplicons generated by the A11/A1-2 primers (Whitaker et al. 2001; Pote et al. 2003; Whitaker et al. 2005) or the
18SCCF/18SCCR (Elibol-Fleming 2006) respectively (Table 2.1). Again, data was
considered valid if the slope of the standard curve was between –3.1 and 3.6, representing
reaction efficiencies between 90% and 110% (Wong and Medrano 2005). Results were
normalized to the equivalent of the reference gene, 18S rRNA, to prevent false negatives
resulting from variations in starting template quantity.
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End-point PCR sensitivity and specificity
Genomic DNA of H. ictaluri actinospore aliquots, along with the genomic DNA
of PGD-exposed channel catfish, were analyzed by end-point PCR (Whitaker et al. 2001;
Pote et al. 2003) to determine any differences in sensitivity and specificity. The PCR
contained the reagents as listed previously using H. ictaluri specific primers (A1-1 and
A1-2) and 2 μl of DNA template. The cycling conditions included an initial cycle of 95
°C for 10 min, 50 °C for 1 min, and 72 °C for 30 sec, followed by 35 cycles of 92 °C for
1 min, 50 °C for 15 sec, and 72 °C for 15 sec, with a final extension step of 72 °C for 5
min. The PCR amplification products were analyzed by electrophoresis on a 1.5%
agarose gel and stained with Gelstar® nucleic acid stain (Cambrex, East Rutherford, NJ)
to confirm presence of the 104-bp product.

Results
The quantitative real-time PCR assay developed to detect H. ictaluri in channel
catfish tissues was found to be highly specific and very sensitive. No amplification of the
plasmid inserts of H. exilis and A. mississippiensis, extracted genomic DNA of A.
mississippiensis actinospores (n = 1,000), or SPF channel catfish gill tissue was detected.
The amplification curve of the assay was linear over 7 orders of magnitude and the
sensitivity limit of the assay was 1 × 10-7 ng of purified H. ictaluri plasmid DNA. The
assay was unable to discriminate between dilutions less than 1 × 10-8 ng of the H. ictaluri
plasmid standard; however, the assay calculated the PSE from one H. ictaluri actinospore
to be 9.55 × 10-6 ng of the plasmid standard. All 16 one actinospore samples were
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detected, thus, the assay is sensitive enough to detect a single actinospore (Fig. 2.5). By
comparison, the end-point PCR protocol was limited to definitive detection of 5
actinospores, supporting previous work (Whitaker et al. 2001). A least significant
difference test performed on the calculations of spore equivalents for all aliquots revealed
no significant differences (P < 0.05; Table 2). The mean observed DNA equivalents of
the actinospore aliquots demonstrated a linear trend (Fig. 2.6). Inhibition of the PCR
reaction by channel catfish DNA was not evident as SPF channel catfish samples spiked
with H. ictaluri plasmid DNA, demonstrated the same amplification and standard curve
as those suspended in nuclease-free water (Fig. 2.7).
Table 2.2.

Calculated plasmid standard equivalents (PSE) for a single Henneguya
ictaluri actinospore. There were no significant differences
between calculated PSE for all aliquots; least significant difference test
(Scheffe transformation) (P<0.05).

Aliquot

Mean CT
(± 1 S.D.)

Mean PSE
(ng)

Mean Single Actinospore
PSE (ng)

1 Spore (n=16)

29.7 (± 0.33)

1.24e-5

1.24e-5

5 Actinospores (n=8)

28.3 (± 0.27)

3.18e-5

6.35e-6

10 Actinospores (n=8)

27.0(± 0.31)

6.60e-5

6.6e-6

25 Actinospores (n=8)

25.5(± 0.48)

2.22e-4

8.93e-6

100 Actinospores (n=8)

23.3(± 0.26)

1.07e-3

1.07e-5
9.55e-6

All Aliquots
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* HI = Henneguya ictaluri

Figure 2.5.

Real-time polymerase chain reaction amplification of a serial dilution of
104-bp Henneguya ictaluri plasmid inserts. The equation for the linear
portion of the curve is 3.15x + 12.946; r2 = .9992; The x-axis employs a
log10 scale and values are presented as means ± SEM;
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Figure 2.6.

Standard curve derived from the mean plasmid standard equivalents for
known numbers of actinospores. Actinospore numbers are represented by
eight aliquots containing 5, 10, 25, and 100 Henneguya ictaluri
actinospores and 16 aliquots containing a single H. ictaluri actinospore.
The equation for the curve is y = 1.033x - 5.2853; R2 = 0.9981. Both axes
employ a log10 scale and values are presented as means ± SEM.
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Figure 2.7.

Comparison of the amplification products of pure H. ictaluri plasmid
DNA and channel catfish genomic DNA spiked with H. ictaluri plasmid
DNA. The x-axis employs a log10 scale.

The QPCR protocol detected PGD infection in all exposure groups involved in the
pond study. QPCR was the only procedure to detect infection in either of the 24 hour
exposure groups and was able to identify a decreased rate of infection from day 1 to day
7 in the 24 hour exposure groups (Table 2.3). End-point PCR, histology and gross
examination of gill clips performed best at 168 hours post exposure, however histology
and gross examination provided negative results for samples identified as positive by
both PCR techniques (Table 2.3). There were no mortalities observed for any of the
exposure treatments.
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Table 2.3.

Channel catfish determined positive for H. ictaluri infection by four
different diagnostic techniques.

Day 1

Day 7

24 hour

24 hour

168 hour

QPCR

12/15

9/15

15/15

End Point PCR

0/15

0/15

12/15

Gill Clip Wet Mount*

0/15

0/15

6/15

Histology†

0/15

0/15

12/15

* PGD diagnosed in surviving fish by presence of at least one gill filament demonstrating chondrocytic lysis
† PGD diagnosed by the presence of multinucleated trophozoites in tissue sections

Discussion
The H. ictaluri QPCR assay outperformed all currently practiced diagnostic
techniques, including end-point PCR in the 24 hour exposure groups. The assay detected
H. ictaluri infection 24 hours post exposure and identified a decreasing level of
infectivity in the pond, which could not be determined by any of the conventional
diagnostic techniques. The sensitivity of detection is a single actinospore, while the endpoint PCR protocol is subjectively quantifiable and limited to detection of 5 actinospores
(Whitaker et al. 2001). Although the sensitivity of the end-point PCR protocol can be
increased by increasing the number of thermal cycles, this also increases the incidence of
false positives (Whitaker et al. 2001). The QPCR assay provides diagnosticians and
researchers with a rapid, more sensitive and quantifiable method of confirming PGD
infections.
By comparison, histological preparation normally requires a 24 hour fixation
period before tissue prep, and end-point PCR requires post-reaction processing. The
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immediate results provided by gross examination of gill clip wet mounts are convenient
in their expediency, but identify damage that has already occurred in the gills.
Significant losses can occur when catfish fingerlings are understocked for
growout in the spring, even when resident fish populations demonstrate no clinical signs
of disease. Previous research in the Fish Health Laboratory (FHL) of the Thad Cochran
National Warm Water Aquaculture Center (TCNWAC), Stoneville, MS, showed that
moving fish from a problem pond to a clean environment results in rapid recovery,
creating a need for determining the PGD status of a pond prior to stocking naïve fish into
the system or to identify a parasite free environment for which to relocate fish (Wise et
al. 2004; 2008). This assay provides researchers with a means of determining parasite
load in sentinel fish exposed to a PGD positive pond for 24 hours. Research in the Fish
Health Laboratory at the Thad Cochran National Warmwater Aquaculture Center has
shown the infectious window of the H. ictaluri actinospore stage to be approximately 24 48 hours (Wise 2004; 2008). As such, quantifying the parasite load in gill tissues of fish
exposed to a PGD positive pond for 24 hours indirectly represents the rate at which
actinospores are being released into the environment. Consequently, determination of
parasite load in 24 hour exposures at two separate time points can identify increasing or
decreasing rates of actinospore release, thereby providing insight into the dynamics of an
ongoing outbreak. This information can prove invaluable in evaluations of potential
treatments or management decisions. Quantifying the parasite load in 24 hour sentinel
fish exposures prior to stocking can potentially identify problematic rates of actinospore
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release in the pond and may offer producers an opportunity to take preventative measures
to avoid large economic losses commonly attributed to PGD.
Although the QPCR assay is more costly and requires more specialized training
than currently practiced diagnostic methods, the assay is more sensitive and provides
confirmation of H. ictaluri infection more rapidly than histology and end-point PCR.
Gross examination of gill clip wet mount preparations provides a reasonably accurate
presumptive diagnosis in moderate to severe infections and while convenient, the method
has limited sensitivity, especially in larger fish where size limits the number of filaments
that can be accurately examined in wet mount preparation. It should be noted that this
QPCR assay is not intended to replace, but rather be used in conjunction with currently
practiced diagnostic techniques to provide a more rapid, sensitive and accurate diagnosis.
As stated previously, the ability to quantify H. ictaluri DNA from fish tissue will provide
an invaluable tool in epidemiological studies, treatment evaluations and management of
this disease.
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CHAPTER III
APPLICATION OF A REAL-TIME POLYMERASE CHAIN REACTION ASSAY
FOR THE DETECTION OF HENNEGUYA ICTALURI IN COMMERCIAL
CHANNEL CATFISH PONDS

Introduction
Proliferative gill disease, caused by the myxozoan parasite Henneguya ictaluri
(Pote et al. 2000), is one of the most prevalent parasitic infections afflicting the
commercial channel catfish industry. Exposure to the actinospore stage of the organism
(Fig. 3.1), released by the benthic oligochaete Dero digitata (Burtle et al. 1991, Styer et
al. 1991, Pote et al. 2000), causes extensive gill damage, resulting in respiratory insult
and osmoregulatory duress, often leading to reduced growth and eventually death
(Bowser et al. 1985, Macmillan et al. 1989, Wise et al. 2004).
The syndrome is most prevalent during the spring, with a lesser incidence in the
fall, when water temperatures are between 16-25 °C. Significant losses often occur when
catfish fingerlings are understocked for growout in the spring, or re-stocked after a PGD
outbreak, even when resident fish populations demonstrate no clinical signs of disease.
Currently, there are no effective treatments for PGD, but recent research has shown that
moving fish from an affected to an unaffected pond results in rapid recovery (Wise et al.
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2008). These observations led to the development of methods to assess the risk of losing
fish to PGD when relocating fish from an ongoing outreak or when a severe outbreak
necessitates the restocking of a pond. This procedure is an indirect assessment of the
level of actinospores present in the pond environment, or PGD status of the pond (Wise
et al. 2004).

Figure 3.1. Henneguya ictaluri aurantiactinomyxon type actinospore. Bar = 20 µm
At present, the PGD status of a pond can be determined through sentinel fish
exposures. Net-pens, constructed of 5 mm nylon mesh to allow free-exchange of water
within the confined area, are suspended in the pond in question and stocked with parasite
free fish. Fish are held in the pond for seven days, after which they are examined for
clinical signs of disease. If PGD is present, sentinel fish are restocked for an additional 7
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days to determine if the severity of the disease has increased or decreased from the first 7
day exposure. After determining the dynamics of the outbreak, decisions on restocking
can be made
The percentage of gill filaments exhibiting characteristic chondrolytic lesions
indicative of proliferative gill disease (Fig. 3.2) is calculated and disease severity is
assessed (Table 3.3). Unfortunately, sentinel fish exposures are labor intensive, require a
source of parasite-free fish and require a minimum of two weeks to yield reliable results
(Wise et al. 2004). Another setback to this protocol is a bias in determining disease
severity in cages where mortalities are observed. Autolysis prevents an accurate
evaluation of gill damage in fish that have expired prior to sampling and usually requires
the restocking of sentinel fish. In addition, without an adequate number of fish to be
examined the severity of the outbreak cannot be determined. (David Wise, personal
communication). The protocol is also limited in that it calculates the percent of filaments
exhibiting at least one chondrolytic lesion, and does not take into consideration the
number of chondrolytic lesions within each filament. In heavy infections, an individual
filament may have several chondrolytic lesions, yet is considered one observation, which
underestimates disease severity since each lesion is associated with an organism (David
Wise, personal communication). These constraints necessitated the development of a
more rapid and efficient method of determining the PGD status of a pond.
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Figure 3.2.

Wet mount preparation of gill clips from a channel catfish fingerling with
proliferative gill disease. Foci of chondrolysis characteristic of
proliferative gill disease is evident in the filamental cartilage (arrows).
Bar = 1 mm

Table 3.1. Grading scale for Henneguya ictaluri induced lesions (Wise et al. 2004)

Percent of
filaments exhibiting
chondrolytic lesions

Score

1-5%

Mild

6-15%

Moderate

>15%

Severe

Effect on Fish

Little to no effect on fish health
If environmental conditions are
optimal no direct mortalities involved
Expect mortalities within 2 weeks

Real-time PCR assays have been utilized in the quantification of various
waterborne parasites from environmental samples, as well as the quantification of
bacterial and parasitic agents in fish tissues (Bilodeau et al. 2003, Brinkman et al. 2003,
Fontaine et al. 2003, Guy et al. 2003, Cavender et al. 2004, Kelley et al. 2004, Chase et
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al. 2006, Hallett and Bartholomew 2006, Balacázar et al. 2007; Panangala et al. 2007).
Recently, a real time PCR assay has also been developed for the quantification of
Henneguya ictaluri in fish tissues (Griffin et al. 2008). Real-time PCR (QPCR) utilizes
PCR chemistry in conjunction with fluorogenic probes to detect and monitor the
amplification of reaction products after each amplification cycle (Heid et al 1996). This
allows rapid detection and quantification of PCR product, as well as a means to monitor
the reaction as it progresses, thereby eliminating the need for post reaction processing.
Reactions are characterized by the PCR cycle in which target amplification reaches a
predetermined threshold of fluorescence intensity significantly greater than the
background fluorescence, referred to as the cycle threshold (CT) (Heid et al. 1996, Wong
and Medrano 2005). Consequently, the greater the starting quantity of target DNA added
to a reaction, the fewer number of cycles necessary for a significant increase in
fluorescence to appear, yielding a lower CT value. Using serially diluted standards of
known concentrations to generate a standard curve, absolute quantitation of PCR product
can be determined, assuming standards and samples have approximately equal
amplification efficiencies. Standards for double stranded DNA are normally created by
cloning the target amplicon in a plasmid vector (Heid et al. 1996, Souaze et al. 1996,
Wong and Medrano 2006). The standard curve produces a linear relationship between
CT values and starting quantities of template DNA, allowing the determination of plasmid
standard equivalents for unknown samples based on their respective CT values (Heid et
al. 1996, Wong and Medrano 2006).
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Research has shown the infectious window of the Henneguya ictaluri actinospore
stage to be approximately 24-48 hours (Wise et al. 2004; 2008). Therefore, quantifying
the parasite load in gill tissues of fish exposed to a PGD positive pond for 24 hours
indirectly represents the rate at which actinospores are being released into the
environment. Alternatively, correlating the relationship between actinospore
concentrations in pond water to disease severity observed in sentinel fish would correlate
actinospore concentrations to clinical levels of disease and be useful in assessing the
potential risk of stocking fish into the pond environment. Whitaker et al. (2005)
developed a PCR protocol for the detection of the actinospore stage in pond water.
However, this method is subjective and results obtained from the assay are not readily
quantifiable. This paper chronicles the validation of two different QPCR protocols for
the identification and quantification of H. ictaluri actinospores in channel catfish ponds
and gill tissue. Three experimental trials were conducted to: (1) determine the geospatial
distribution of H. ictaluri actinospores in a commercial channel catfish pond (2) evaluate
a pond monitoring protocol based on the determination of H. ictaluri actinospore
concentrations in pond water (3) evaluate a pond monitoring protocol based on the
determination of parasite loads following 24 hour sentinel fish exposures.

Materials and Methods
Actinospore collection
Dero digitata were isolated from benthic sediment from a commercial channel
catfish pond containing fish diagnosed with clinical PGD by the Aquatic Diagnostic
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Laboratory (ADL) of the TCNWAC. The oligochaetes were observed for 72 h for the
shedding of H. ictaluri actinospores following the methods of Pote et al. (1994) and
Bellerud et al. (1995) and used to validate the PCR procedures.

Collection and processing of water samples
Water samples (2 L) were collected approximately 48 cm below the surface of the
pond and processed within 24 h of collection. Samples were sub-divided into 4 x 500 ml
samples, transferred to 1-liter centrifuge bottles and centrifuged for 20 min at 9500 x g on
a Sorvall RC-6 centrifuge (Thermo Fisher Scientific, Inc., Waltham, MA). The
supernatant from each subsample was removed and the pellet resuspended in 50 ml of
distilled water, then transferred to a 50 ml conical centrifuge tube and centrifuged at 7000
x g for 10 min. The supernatant was again removed and the pellet was resuspended in
1.5 ml of nuclease free H2O and transferred to a 1.8 ml microcentrifuge tube and stored at
-80 °C. Between samples, each centrifuge bottle was rinsed three times with distilled
water before reuse.

DNA extraction
DNA was isolated from actinospore aliquots following the Powersoil® DNA
Isolation Kit (Mo Bio Laboratories, Carlsbad, CA) suggested protocol and re-suspended
in 30 μl of Puregene® DNA hydration solution (Gentra Systems, Inc., Minneapolis,
MN). Genomic DNA from pond water samples was also isolated using a Powersoil®
DNA Isolation Kit but following the suggested protocol for wet samples. Genomic DNA
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isolated from the pond water sub-samples were pooled, concentrated according to the
manufacturer’s suggested salt precipitation protocol and re-suspended into 30 μl of
Puregene® DNA hydration solution.
Genomic DNA from fish tissues was isolated using a slight modification of the
Puregene® DNA Isolation Kit (Gentra Systems, Inc., Minneapolis, MN) suggested
protocol for animal tissues. Gill clips (40-80 filaments) taken from a left gill arch were
placed in 600 μl of cell lysis solution from Puregene® DNA Isolation Kit (Gentra
Systems, Inc., Minneapolis, MN) and initially incubated for 10 min at 95 °C prior to the
addition of 3 μl of Proteinase K (20 mg/ml). Samples were then incubated at 55 °C until
all tissue homogenate had dissolved. The remainder of the isolation was carried out
according to the manufacturer’s suggested protocol. After drying by vacuum
centrifugation, the purified DNA was re-suspended in 100 μl of Puregene® DNA
Hydration Solution (Gentra Systems, Inc., Minneapolis, MN) and quantified using a
Nanodrop® spectrophotometer and accompanying software v 3.2.1 (Nanodrop
Technologies, Inc. Wilmington, DE)

Standard design
Target regions of the 18S SSU rDNA genes were amplified from the genomic
DNA of H. ictaluri actinospores and specific pathogen free (SPF) channel catfish by use
of H. ictaluri specific PCR primers (Whitaker et al. 2001, Pote et al. 2003) and generic
eukaryotic 18S SSU rDNA primers (Elibol-Fleming 2006), respectively (Table 3.2). The
25 µl PCR reaction mixtures contained 2.5 µl of 10X reaction buffer (10 mM Tris, 50
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mM KCl, pH 9.0, 4.0 mM MgCl2), 2.0 µl of dNTP mixture (2.5 mM of each dNTP), 5
pM of each primer, 0.5 units of Takara® Hot Start Taq Polymerase (Takara Bio USA,
Madison, WI) and 2 μl of DNA template. The PCR was carried out on a PTC-100
Thermal Cycler, (Global Medical Instrumentation, Inc., Ramsey, MN) programmed for 1
cycle of 95 °C for 10 min, 50 °C for 1 min, and 72 °C for 2 min followed by 35 cycles of
92 °C for 1 min, 50 °C for 15 sec, and 72 °C for 15 sec and a final extension cycle of 72
°C for 5 min. The PCR amplification products were analyzed by electrophoresis on a
1.5% agarose gel and stained (Gelstar® nucleic acid stain, Cambrex, East Rutherford,
NJ) to confirm the presence of a single PCR product.
PCR products were purified using a Montage® PCR Centrifugal Filter Device
(Millipore, Billareca, MD) and cloned into a T7 vector using the PCR4-TOPO® cloning
kit (Invitrogen, Carlsbad, CA). The plasmid clones with 18S SSU rDNA gene inserts
from H. ictaluri and channel catfish were each grown in culture overnight and plasmid
purification was performed using a Qiagen plasmid mini-prep kit (Qiagen Inc.,Valencia,
CA). The plasmid standards were quantified as described above and their concentrations
were adjusted to 1.0 ng/μl. The standards were then serially diluted and utilized to serve
as positive controls and for generation of standard curves in QPCR analysis.

QPCR
The 12.5-μl PCR reactions contained BioRad IQ® supermix (Biorad, Hercules,
CA), 20 pM of each primer, 0.25 pM of probe, 3 μl of template DNA and nuclease free
H2O to volume. Amplifications were performed on a BioRad Icycler v3.1® real-time
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PCR system (Biorad, Hercules, CA) programmed for 1 cycle of 95 °C for 3 min 30 sec
followed by 40 cycles of 95 °C for 30 sec, 56 °C for 1 min and 72 °C for 30 sec. Data
collection was carried out following the 72 °C elongation step at the end of each cycle.

Determination of actinospore equivalents
Freshly released H. ictaluri actinospores were collected and suspended in 20 ml
of nuclease free H2O and gently stirred with a magnetic stir bar. The concentration of
actinospores/µl was determined by counting the number of actinospores in 10 separate 10
µl samples. Eight aliquots of volumes representative of 25, 100 and 1000 H. ictaluri
actinospores were collected using a volumetric pipette and placed in individual
Powersoil® DNA Isolation Kit microbead tubes. Eight aliquots of 1, 5 and 10
actinospores were individually collected using a fine glass pipette and also placed
directly in individual Powersoil® DNA Isolation Kit (MO BIO Laboratories, Inc.,
Carlsbad, CA) microbead tubes. Genomic DNA was isolated according to the
manufacturer’s suggested protocol. A standard curve was determined by analyzing ten
replicates of the enumerated spore samples. Real-time PCR analysis of genomic DNA
isolated from H. ictaluri actinospore aliquots was performed using H. ictaluri-specific
primers (Whitaker et al. 2001, Pote et al. 2003) and a H. ictaluri-specific TaqMan probe
(Griffin et al. 2008) (Table 3.2) labeled on the 5’ end with the fluorescent reporter dye, 6carboxyfluorescein (FAM), and the quencher dye, black hole quencher-1 (BHQ-1) on the
3’ end. The CT threshold was set the same for all runs and sample CT values were used to
generate a standard curve for actinospore equivalents. All samples were run in triplicate
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with a negative control and a serially diluted plasmid standard which served as both a
positive control and a measure of reaction efficiency. The amplification efficiency (E)
was estimated by the formula E = 10-1/s- 1, where s is the slope of the standard curve
(Wong and Medrano 2006) and efficiency estimations between 90 and 110% were
considered acceptable. Actinospore equivalents for water samples were determined by
comparing the mean of the sample CT values to the standard curve generated by the
analysis of the enumerated spore samples (Fig. 3.3).

Validation of water sampling protocol
Pond water collected from a commercial channel catfish pond with no previous
history of PGD was separated into eleven 500 ml water samples. H. ictaluri actinospores
were collected from isolated D. digitata and enumerated. Eight aliquots of 100
actinospores were processed directly by the Powersoil DNA isolation kit. An additional
eight aliquots of 100 actinospores were added directly to 500 mls (5 actinospores/ml) of
pond water and the remaining pond water samples served as negative controls. All pond
water samples were then processed according to the previously described protocol.

QPCR analysis of pond water samples
Parasite DNA was amplified using the H. ictaluri specific primers and probe
combination described above. Amplifications were performed on a Biorad Icycler v3.1®
(BioRad, Hercules, CA) programmed for 1 cycle of 95 °C for 3 min 30 seconds followed
by 40 cycles of 95 °C for 30 sec, 56 °C for 1 min and 72 °C for 30 sec. Data collection
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was carried out following the 72 °C elongation step at the end of each cycle. All samples
were run in triplicate with a no template negative control and a serially diluted plasmid
standard which served as both a positive control and a measure of reaction efficiency.
Again, data was considered valid if the slope of the standard curve was between -3.1 and
-3.6, representing reaction efficiencies between 90 and 110% (Wong and Medrano 2006).

QPCR analysis of fish tissue
Parasite DNA was amplified from host tissue using the previously described H.
ictaluri specific primer and probe combination, while the internal standard 18S SSU
rDNA was amplified using the 18SCCF/18SCCR primers and 18SCC TMP labeled on
the 5’ end with the fluorescent reporter dye, hexachloro-6-carboxy-fluorescein (HEX),
and the quencher dye, black hole quencher-1 (BHQ-1) on the 3’ end (Table 3.2). At least
1 ng of total genomic DNA (parasite and host) was added to each reaction and all
samples were analyzed in triplicate according to the QPCR protocol described above. To
correct for initial template variations between samples, 18S SSU rRNA PSE’s were
determined for each sample. Sample CT values were compared to a standard curve based
on serially diluted plasmid standards of the amplicons generated by the A1-1/A1-2
(Whitaker et al. 2001, Pote et al. 2003) primers or the 18SCCF/18SCCR (Elibol-Fleming
2006), respectively (Table 3.2). Data was considered valid if the slope of the standard
curve was between -3.1 and -3.6 as described previously. Data was normalized to the
equivalent of the reference gene, 18S SSU rRNA, and the log of the ratio of parasite

73

standard equivalent (PSE) to host standard equivalent (HSE) was used for the purpose of
comparisons.

Table 3.2.

Primer and probe sequences

Name

Direction

Sequence*†‡

A1-1

Forward

5’ - CAAAAGTTTCTGCTATCATTG - 3’

A1-2

Reverse

5’ – AGCGCACAGATTACCTCA - 3’

H9

Forward

5’ - TTACCTGGTCCGGACATCAA - 3’

H2

Reverse

5’ - CGACTTTTACTTCCTCGAAATTGC - 3’

18SCCF

Forward

5’ - CGGAGAGGGAGCCTGAGAA - 3’

18SCCR

Reverse

5’ - CGTGTCGGGAATGGGTAATTTG - 3’

HITMP

Probe

5’ - [FAM] - TCAGCCTTGATGTTGCCACCTCA - [BHQ1] – 3’

This paper

18STMP

Probe

5’ - [HEX] – ACCACATCCAAGGAAGGCAGCAGGC - [BHQ1] - 3’

Elibol Fleming
2006

Reference
Whitaker et al.
2001
Whitaker et al.
2001
Hanson et al.
2001
Hanson et al.
2001
Elibol-Fleming
2006
Elibol Fleming
2006

* FAM = 6-carboxyfluorescein
† HEX = hexachloro-6-carboxy-fluorescein
‡ BHQ1 = Black Hole Quencher-1

Inhibition of QPCR
Pond water samples which demonstrated PCR inhibition were diluted to reduce
inhibition from environmental contaminants (Brinkman et al. 2003; Hallett and
Bartholomew 2006). All pond water samples demonstrating inhibition, evident by
sample amplification with a significantly reduced slope compared to the amplification
slope of positive controls, were diluted with Puregene® DNA Hydration Solution
(Gentra Systems, Inc., Minneapolis, MN) in two-fold increments until amplification
slopes reflected that of positive controls.
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Gross examination of fish tissues
Approximately 40-80 gill filaments were removed from a left gill arch and used
for wet mount preparations. The percentage of gill filaments exhibiting at least one
chondrocytic lesion (Fig. 3.2) was calculated and the mean gill damage for each cage was
determined. PGD outbreaks were designated as mild, moderate or severe according to
the sentinel fish protocol described by Wise et al. (2004) (Table 3.1).

Experimental trials
For the first experimental trial the geospatial distribution of the actinospore stage
in a pond outbreak was determined. A commercial channel catfish pond (10 acres)
diagnosed with clinical PGD in the resident fish population by the ADL of the TCNWAC
was sectioned into a 4 x 4 grid (Fig. 3.3). Parasite free fish (n=15) were held in nylon
cages positioned at each intersection of the grid for seven days. On days 0, 3 and 6 water
was collected adjacent to each cage as described above. On day 6, all surviving fish were
euthanized with an overdose (1000 mg/L) of MS-222 (3-aminobenzoic acid ethyl ester
methanesulfonate) (Argent Chemical Laboratories, Inc., Redmond, WA), gills were
processed for gross microscopic examination, and the mean percent gill damage
determined for each cage. The cage placed at location D2 was lost and subsequent water
sampling on days 3 and 6 were not carried out.
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Figure 3.3.

Schematic demonstrating cage and water sampling locations in a
commercial channel catfish pond diagnosed with PGD in the resident fish
population.

Experimental trial 2 consisted of twenty replicate week long pond trials carried
out in eight different commercial channel catfish ponds (range 7-15 acres) diagnosed
with clinical PGD. Pond water was sampled as described previously on days 0 and 7 in
coordination with the setting out and sampling of sentinel cages. One water sample was
collected adjacent to the cage and the second from a separate geographic location at least
100 m from the cage (Table 3.3). The mean actinospore equivalents l-1 for the two
locations was determined by QPCR analysis and inhibition of the QPCR assay was
corrected for by a 1:4 dilution of genomic DNA for all samples. Fifteen sentinel parasite
free fish were held for seven days in nylon net pens. On day 7, surviving fish were
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sampled, euthanized with an overdose (1000 mg/L) of MS-222 and processed for gross
microscopic examination.

Table 3.3.

Schedule of events for experimental trial 2.

Day

Cages

Water sampling

0

Placed in pond
(n=15 fish/cage)

Water (2 L) collected adjacent to cage and
a second separate geographic location

7

Collected from pond

Water (2 L) collected adjacent to cage and
a second separate geographic location

In experimental trial 3, eight replicate week long pond trials were carried out in
two different commercial channel catfish ponds diagnosed with clinical PGD. Parasite
free channel catfish fingerlings were placed in two nylon net pens designated A and B
(n=15 fish/pen). After 24 hours, survivors from net pen A were euthanized with an
overdose (1000 mg/L) of MS-222 and processed for molecular analysis and gross
examination to determine mean percent gill damage. On day 6, net pen A was re-stocked
with fish from the same fish stock mentioned previously (n=15). On day 7, surviving
fish from net pen A (24 hr exposure) and net pen B (7 day exposure) were sampled,
euthanized and processed for molecular analysis and mean percent gill damage was
determined by gross examination (Table 3.4).
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Table 3.4.

Schedule of events for experimental trial 3.

Day

Net pen A

Net pen B

0

Placed in pond
(n = 15 fish/cage)

Placed in pond
(n = 15 fish/cage)

1

All fish sampled

No action

6

Fish replaced
(n = 15 fish/cage)

No action

7

All fish sampled

All fish sampled

Statistical analysis
All statistical analysis was performed using SAS Software v. 9.1 (SAS Institute,
Inc., Cary, NJ). For trial 1, a one-way ANOVA and Fisher’s least significant difference
procedure was used to determine differences in mean percent gill damage. For trial 2, the
relationship between mean actinospore concentration and mortality in 7 d sentinel fish
exposures was determined by simple linear regression. For trial 3, parasite standard
equivalents determined by QPCR, were normalized to the host 18S rDNA and the ratio of
PSE to HSE was subjected to a log transformation prior to statistical analysis. Samples
in which no parasite DNA was detected by PCR were assigned log values of -8, one log
lower than the lowest observed value. Multiple comparisons of the data for trial 3 were
performed using Duncan’s multiple range test. The relationship between the ratio of PSE
to HSE for 2 x 24 hr exposures and mortality in 7 d sentinel fish exposures was subjected
to simple linear regression. For all trials, p<0.05 was considered significant.
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Results
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Figure 3.4.

Standard curve derived from known numbers of actinospores. DNA was
extracted as per pond water samples, showing log of number of spores
versus mean QPCR CT value. The x axis employs a log10 scale. Values
are presented as means ± SEM.

Sensitivity
The CT values for the actinospore aliquots are presented in Table 3.5. The
standard curve for known starting numbers of whole spores processed and assayed as per
pond water samples had an equation of -5.1512x + 34.938 with an R2 = .9773 (Fig. 3.4).
The mean CT value for 1 actinospore was 34.54 (range 33.49 – 38.15). Pond water
samples spiked with 100 H. ictaluri actinospores had a mean CT value of 25.31 (range
23.91 – 26.58), which correlated to approximately ~80 actinospore equivalents,
indicating an approximate 20% loss of actinospore DNA during the sampling process.
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Table 3.5.

Cycle threshold (CT) values for actinospore aliquots.
Number of
actinospores

CT value

1

33.5 – 36.4 (avg. 35.0)

5

29.0 – 33.6 (avg. 31.4)

10

29.7 – 32.6 (avg. 30.9)

25

26.3 – 27.0 (avg. 26.7)

100

22.7 – 25.2 (avg. 23.9)

1000

19.4 – 20.8 (avg. 20.0)

Experimental trial 1
All surviving fish demonstrated clinical signs of PGD and only one cage location
(A2) had a mean percent gill damage significantly greater than that of the other cage
locations (P<0.05) (Table 3.5). Survival rates were variable by location and mortalities
were observed in each cage. Cages from locations D1 and A1 had no surviving fish after
6 days and the cage from location D2 was lost prior to day 3 sampling. Actinospore
concentrations by location were variable by sampling day and mean actinospore
concentration decreased from the first to the last sampling day. All samples were
positive for H. ictaluri DNA. The highest actinospore equivalents were observed on the
first sampling day and progressively decreased across sampling days (Fig. 3.5), although
the differences in actinospore concentrations for day 3 and 6 were not significant
(P<0.05). The greatest actinospore equivalent concentration observed was ≥249
actinospore equivalents per liter, observed on day 1, and the lowest actinospore
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equivalent concentration was ≥38 actinospore equivalents per liter, observed on day 6.
The mean actinospore equivalent concentration for all cage locations for all days was ≥94
actinospore equivalents l-1. The average mortality rate for all cages was 35.6% with
mean percent gill damage for surviving fish of 11.7%.

Actinospore equivalents/liter

160
140
120
100
80
60
40
20
0
Day 0

Figure 3.5.

Day 3

Day 6

Experimental trial 1 data. Mean actinospore equivalents/liter by day for
all pond locations.
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Table 3.6.

Pond
Location

% morality*

A1

0%

A2
A3
A4
B1
B2

Experimental trial 1 data. Survival, mean percent gill damage and approximate
parasite abundance determined by QPCR analysis by cage location by day.

Mean %
gill damage (6 d)†

CT

AE l-1

N/A

28.4

74.32

26.9

73.31

27.4

57.81

68.5c,1

86.7%

30.0%a

27.2

127.51

25.9

116.62

27.4

58.81

101.0abc,1

13.3%

7.3%b

27.0

138.31

27.5

55.91

28.0

44.91

79.8bc,1

26.4

1

26.9

1

26.5

2

114.2ab,1

1

116.5ab,1

1

81.1abc,1

1

6.7%
20.0%
73.3%

b

8.5%

b

8.9%

b

17.0%

B4

33.3%

C1

26.7%
26.7%

b
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C4

Mean
AE l-1¶

AE l-1

14.6%

C3

Day 6§

CT

20.0%

C2

Day 3§
AE l-1

b

B3

Day 0‡
CT

80.0%
60.0%

183.3

1

26.8

152.7

28.3

2

77.0

27.0

138.8

1

13.5%b

26.8

8.1%b

25.7
27.4

1

9.0%

b

9.3%

b

10.0%

27.7

72.5

2

25.6

133.0

26.5

1

88.2

86.7

27.2

63.6

26.8

78.0

27.6

52.3

2

27.1

65.8

85.7abc,1

149.01

26.8

76.91

28.0

48.81

91.6abc,1

249.33

27.3

62.71

28.0

45.31

119.1a,1

27.5

1

27.4

1

78.9bc,1

2

87.1abc,1

120.7

1

101.7

57.0

2

58.8

25.8

122.0

27.0

146.3

1

26.3

97.6

1

28.4

37.4

26.1

105.3

116.5ab,1

3

D1

0.0%

N/A

26.3

189.82

26.6

84.91

28.1

44.71

106.5abc,1

D3

46.7%

8.4%b

27.0

145.21

27.0

71.21

28.3

37.82

85.1abc,1

D4

40.0%

b

8.0%

27.6

108.4

1

27.2

64.0

1

27.0

69.1

1

80.6bc,1

Mean
(S.D.)

35.6%
(28.4%)

11.7% (± 6.7%)

27.1 (± 0.8)

140.15 (± 48.0)

26.2 (± 0.7)

81.9 (± 26.1)

26.8 (± 0.7)

60.4 (± 19.4)

94.2 (± 45.9)

* Sentinel fish held in pond for 7 days. Percent mortality calculated as number of survivors out of 15 fish
† Mean percent gill damage calculated for surviving sentinel fish exposed to each location for 6 d
‡ Inhibition was corrected by an 8 fold dilution of template DNA. AE l-1 represents actinospore equivalents calculated by a dilution factor of 8.
§ Inhibition was corrected by a 4 fold dilution of template DNA. AE l-1 represents actinospore equivalents calculated by a dilution factor of 4.
¶ Average of Day 0, Day 3 and Day 6 observations for the given location
a,b
Within columns, values with different subscript are significantly different (p<0.05)
1,2,3
Within columns, values superscript numbers represent value is within 1, 2 or 3 standard deviations of the mean

Experimental trial 2
Of the twenty pond trials, six were classified as mild; five were considered
moderate and nine as severe PGD outbreaks according to criteria set by Wise et al. 2004.
Actinospore equivalent concentrations were variable by sampling day within trials and by
trials, however, for each sampling day; actinospore equivalents between sampling
locations were within one log of each other. Greater actinospore equivalent
concentrations were observed in the more severe outbreaks (Table 3.7). The greatest
actinospore equivalent concentration observed was ≥153 actinospore equivalents l-1,
while the least actinospore equivalent concentration was <1 actinospore equivalents l-1,
observed on three occasions, where no parasite DNA was detected. There was a positive
correlation between mean actinospore equivalent concentrations and percent mortality
observed in sentinel fish exposed for 7 days (Fig. 3.6). Data is summarized in Table 3.6.
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Figure 3.6.

Experimental trial 2 data. Scatterplot demonstrating positive correlation
between mean actinospore equivalents l-1 for two separate sampling days
and percent mortality in sentinel fish exposed to PGD positive pond
for 7 d.
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Table 3.7.

Experimental trial 2 data. Approximate abundance of Henneguya ictaluri actinospores in 20
commercial channel catfish ponds with varying proliferative gill disease severity. Data represented by
mean percent gill damage of survivors from sentinel fish exposures, QPCR cycle threshold (CT) values
and approximate spore abundance from water samples; N/D = No parasites detected

AE l-†

CT values
Rep

Pond

Survival
(% mortality)*

1

1

5 (66.6%)

a

% Gill damage (7 d)

Outbreak score

Day 0

Day 7

Day 0

Day 7

Mean AE lb (Trial)‡

10.0%

Moderate

35.4

30.5

≥ 1.7

≥ 15.4

≥ 8.6

2

1

4 (73.3%)

3.0%

Severe

27.0

33.3

≥ 82.6

≥ 5.3

≥ 43.9

3

1

12 (20.0%)

19.0%

Severe

28.6

29.5

≥ 34.3

≥ 23.7

≥ 28.9

4

1

3 (80.0%)

10.0%

Severe

31.7

31.1

≥ 9.1

≥ 11.6

≥ 10.3

5

1

0 (100.0%)

N/A

Severe

37.1

N/D

≥ 1.4

N/D

≥ 0.7

6

1

15 (0%)

2.0%

Mild

N/D

37.2

N/D

≥ 1.4

≥ 0.7
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7

2

6(60.0%)

5.0%

Mild

33.3

29.2

≥ 4.4

≥ 28.7

≥ 16.6

8

2

14 (6.7%)

14.0%

Moderate

30.3

32.6

≥ 17.4

≥ 7.1

≥ 12.3

9

2

5 (66.6%)

9.0%

Severe

29.9

30.0

≥ 27.6

≥ 19.1

≥ 23.4
≥ 9.7

10

2

10 (33.3%)

4.0%

Mild

33.2

31.0

≥ 6.5

≥ 12.8

11

2

13 (13.3%)

1.0%

Mild

31.0

33.1

≥ 12.8

≥ 5.8

≥ 9.3

12

3

0 (100.0%)

N/A

Severe

25.3

26.7

≥ 152.9

≥ 82.6

≥ 117.8

13

3

0 (100.0%)

N/A

Severe

26.2

26.7

≥ 101.4

≥ 80.1

≥ 90.8

14

3

0 (100.0%)

N/A

Severe

26.7

29.1

≥ 82.6

≥ 34.5

≥ 58.6

15

3

0 (100.0%)

N/A

Severe

26.7

30.4

≥ 80.1

≥ 16.7

≥ 48.4

16

4

15 (0.0%)

10.0%

Moderate

29.0

33.8

≥ 29.2

≥ 3.5

≥ 16.4

17

5

14 (6.7%)

9.0%

Moderate

29.3

32.9

≥ 24.8

≥ 9.6

≥ 17.2

18

6

12 (20.0%)

1.0%

Mild

N/D

34.7

N/D

≥ 2.4

≥ 1.2

19

7

14 (6.7%)

6.0%

Moderate

36.6

34.9

≥ 2.2

≥ 2.1

≥ 2.2

20

8

13 (13.3%)

2.0%

Mild

36.0

35.3

≥ 8.5

≥ 1.7

≥ 5.1

* Sentinel fish held in pond for 7 days. Percent mortality calculated as number of survivors out of 15 fish
† Inhibition was corrected by a 4 fold dilution of template DNA. AE l-1 represents actinospore equivalents calculated by a dilution factor of 4
‡ Average of Day 0 and Day 7 observations

Experimental trial 3
Of the eight pond trials, five were classified as severe outbreaks while three were
considered mild (Table 3.8), according to the criteria in the grading scale by Wise et al.
(2004). Mean percent gill damage after 7 d exposure in ponds with survivors of severe
outbreaks was 34% and 23%, but only 3%, 2% and <1% from ponds with mild PGD.
Mortality ranged from 33.3% to 100% and 7 to 27% in severe and mild outbreaks
respectively. There was no observed gill damage in any of the 24 hour exposure
treatments for the mild ponds. Conversely, gill damage was observed within 24 hr
exposures in three of the five severe ponds experiencing 100% mortality 7 d postexposure (Table 3.8).
Parasite loads in 24 hr exposure treatments characterized by the ratio of parasite
PSE to HSE for both 24 hr exposures ranged from -1.419 in the most severe outbreak to 8.000 in the mildest outbreak, where no parasite DNA was detected in any sentinel fish
from the second 24 hr exposure. Log mean PSE/HSE was significantly higher in ponds
considered to have a severe outbreak and there was a strong positive correlation between
QPCR determined parasite loads and percent mortality in 7 d sentinel fish exposures (Fig.
3.7). All trials which qualified as severe outbreaks had log mean PSE/HSE values greater
than -5.16.
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Figure 3.7.

Experimental trial 3 data. Scatterplot demonstrating correlation between
mean parasite level as determined by QPCR in sentinel fish exposed to
PGD positive pond for 2 24 hr exposures and percent mortality observed
in sentinel fish exposed for 7 d. QPCR data is presented in terms of the
log of the ratio of mean parasite standard equivalents (PSE) and host
standard equivalents (HSE).
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Table 3.8.

Experimental trial 3 data. Utilization of a Henneguya ictaluri specific QPCR assay to determine the
parasite level in sentinel fish for 2 - 24 hour exposures and one 7 day exposure to ponds of varying
proliferative gill disease severity.
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Rep

Pond

Survivors*
(% mortality)

Mean % gill
damage (7d)

Pond
score†

Mean % gill
damage
24 hr (1)

Mean % gill
damage
24 hr (2)

24 hr (1)
Log PSE/HSE‡

24 hr (2)
Log PSE/HSE‡

Mean
Log PSE/HSE‡

1

1

0 (100.0%)

N/A

Severe

14.0%

13.0%

-3.212

-3.667

-3.440a

2

1

0 (100.0%)

N/A

Severe

9.0%

0%

-3.611

-6.16

-5.155d

3

1

6 (60.0%)

34.0%

Severe

0.0%

1.0%

-4.32

-3.78

-4.038b

4

1

10 (33.3%)

23.0%

Severe

0.0%

0.0%

-4.025

-5.086

-4.576b

5

1

0 (100.0%)

N/A

Severe

0.0%

0.0%

-4.690

-4.339

-4.487b

6

2

11 (27.3%)

3.0%

Mild

0.0%

0.0%

-5.287

-5.198

-5.242d

7

2

14 (6.7%)

2.0%

Mild

0.0%

0.0%

-5.559

-5.873

-5.716e

8

2

14 (6.7%)

0.0%

Mild

0.0%

0.0%

-5.402

-8.000

-6.701f

* Sentinel fish held in pond for 7 days. Percent mortality calculated as number of survivors out of 15 fish
† According to Wise et al. (2004) (Table 1).
‡ PSE = Parasite standard equivalent normalized to host 18S SSU rDNA
a,b,c Within columns, values with different superscript letters are significantly different (p<0.05)

Discussion
Based on findings from experimental trial 1, H. ictaluri actinospores are
relatively evenly distributed throughout a commercial channel catfish pond during a PGD
outbreak. Research conducted by Bellerud et al. (1995) demonstrated that populations of
D. digitata are not equally distributed throughout the pond, and that populations of D.
digitata within the pond are variable in their rates of actinospore release, making benthic
sampling a poor predictor of potential outbreaks. However, data from experimental trial
1 demonstrated that although variation was observed in several sampling sites, most
sample sites were within one standard deviation of the mean actinospore concentration of
the pond for that day and the locations in the sampling grid with the highest and lowest
concentrations of actinospores varied with the day of collection. Variations in localized
high and low concentrations of actinospores were not consistently found in the same
locations. The observed homogeneity and variation in localized high and low
concentrations of actinospores indicates that although variations in oligochaete
populations and their rate of actinospore release could result in areas with high
concentrations of actinospores, diffusion from wind, aeration and other physical
processes are more significant factors in actinospore distribution than the location of D.
digitata in the benthic environment. Since channel catfish move freely in the pond and
pond water diffusion occurs, these variations in actinospores concentrations may have
little effect on the rate of infection in the pond as a whole. However, since water samples
only capture the approximate actinospore concentrations from a given location at the time
of sampling, it is recommended that a minimum of 2-3 pond water samples be taken from
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separate geographic locations to reflect the actual concentration of actinospores in the
pond environment. Alternatively, sentinel fish exposures represent a continuous
sampling period over time, therefore multiple sentinel fish cages in multiple locations
may not be necessary and one cage would be sufficient for an accurate estimation of the
rate of infection for the pond.
The identification of a potentially lethal outbreak of PGD in a commercial
channel catfish pond is a complicated task that faces channel catfish producers every
spring. The sentinel fish protocol described by Wise et al. (2004) is reliable if the cage
system does not fail within the sampling period, but is time consuming, labor intensive
and requires assistance of trained lab personnel. A major drawback of sentinel fish
exposures is the inability to determine the cause of death in a cage system in which 100%
of the sentinel fish die prior to sampling. In the early spring, failure to properly acclimate
sentinel fish to ambient pond temperatures can result in mortalities or predispose fish to
other conditions such as saprolegniasis and columnaris disease that may be
misinterpreted as PGD related. Alternatively, mortalities in sentinel fish also frequently
occur in the summer months when heavy algal blooms create conditions conducive to the
fouling of net-pens, which restricts water flow to the fish, and oxygen depletions in the
pond environment. To overcome incidences of oxygen depletions, net-pens are often
placed adjacent to mechanical aerators, which can result in significant currents flowing
through the cage and fish may subsequently die of exhaustion. Both QPCR assay
protocols eliminate this problem as PGD can be ruled out as the cause of death when PSE
to HSE ratio of the 24 hr sentinel fish exposures or mean actinospore equivalents l-1 are
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relatively low. This is evident in several of the experimental pond trials in which there
was greater than 50% mortality in sentinel fish, yet PSE to HSE ratios or actinospore
concentrations were low leading researchers to conclude that the cause of death may not
be directly related to PGD (Table 3.7,3.8).
A distinct advantage of this water sampling protocol is it significantly reduces the
time required to determine the presence of a pathogen in a commercial catfish pond
compared to the sentinel fish protocol described by Wise et al. (2004) or the sentinel fish
protocol described here. However, it should be noted that since DNA is conserved
throughout the life cycle of the parasite, it is possible that DNA detected in the pond
water samples could also represent myxospore stages that are not infective to the fish.
Even so, the dynamics of the life cycle leads us to believe that during periods of peak
actinospore release, there is a lower prevalence of the myxospore stage in the pond
system, therefore the effect of the myxospore stage on the assay is likely to be negligible.
One major hindrance to the research conducted in this study was ponds used for
experimental trials were initially identified through ADL case submissions. As such,
most of the ponds sampled had outbreaks in which mortalities were already subsiding,
which may account for the observed decreases in PSE to HSE ratio and actinospore
concentrations from day 1 to day 7 in most trials. Further research needs to be conducted
to determine the temporal variability of actinospore abundance as well as the variation in
actinospore release over the course of a given day to determine the optimal sampling time
for outbreak determination, as well as the relationship between PGD induced mortality
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and various environmental conditions. Also, the effects of water quality parameters such
as salinity and dissolved oxygen on PGD related mortalities need to be determined.
At this time, both QPCR assays are able to identify potentially lethal
concentrations of H. ictaluri actinospores in ponds prior to stocking and have application
in preventing PGD induced mortalities in fingerlings stocked in the spring of the year or
for identifying a H. ictaluri free environment in which to relocate fish. This work has
demonstrated that H. ictaluri actinospore abundance is fairly homogonous throughout the
pond with actinospore numbers decreasing over the course of an outbreak which
corresponds with previous research that states the rates of infection increase to a peak,
then decrease gradually over time. Research in this laboratory has shown that once an
outbreak begins to subside it does not tend to relapse within a given season, however this
relationship needs further investigation (Wise et al. 2004). However, once a pond
reaches a safe parasite threshold, the outbreak for that season is most likely over or on the
decline and the pond can be stocked with little risk of losing fish to PGD. Although
estimates based on this research are conservative, ponds with a log PSE to HSE ratio less
than -5.2 in 24 hr sentinel fish exposures or actinospore equivalent concentrations less
than 10 actinospores per liter, can be stocked with lower risk of losing fish, as long as log
PSE to HSE ratio or actinospore equivalents is decreasing from the first to second
sampling period. Although this research has identified parasite levels that correlate to
high and low risk of losing fish stocked into the system, these values are not absolute and
many other variables must be taken into consideration such as temperature, water quality
and stocking densities when making management decisions.
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Although, analysis of the data presented here indicates that the determination of
parasite load in sentinel fish exposures is a more reliable method of determining PGD
severity, the benefits of the water sampling protocol should not be overlooked. There
were several instances in the second experimental trial where sentinel fish mortality was
most likely not attributable to PGD, as evidenced by the low concentrations of
actinospores detected in water samples. These ponds point out a flaw in the sentinel fish
exposure method as mortalities observed in sentinel fish may be incorrectly attributed to
PGD, when in fact PGD is not the cause of death and other factors need to be considered.
This research provides another tool to be used in conjunction with currently practiced
diagnostic and management protocols which will provide producers with the maximum
amount of information for which to make management decisions.
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CHAPTER IV
VARIATION IN SUSCEPTIBILITY TO HENNEGUYA ICTALURI INFECTION OF
TWO SPECIES OF CATFISH AND THEIR HYBRID CROSS

Introduction
Since its discovery in 1981, proliferative gill disease (PGD), caused by the
myxozoan parasite Henneguya ictaluri (Pote et al. 2000), has been one of the most
damaging diseases affecting the commercial aquaculture of the channel catfish Ictalurus
punctatus Rafinesque, 1918. The complex parasitic life cycle involves a myxospore
stage in the fish and an actinospore stage shed by the ubiquitous benthic oligochaete,
Dero digitata (Styer et al. 1991; Pote et al. 2000). At present, there are no effective
prophylactic or therapeutic treatments for PGD and mortalities can exceed 50% in severe
outbreaks (Bowser et al. 1985; Wise et al. 2004).
Bosworth et al. (2003) examined the genetic variation for PGD resistance between
blue catfish Ictalurus furcatus Rafinesque, 1918 and channel catfish and determined blue
catfish were more resistant to PGD. Although the culture of blue catfish is limited due to
other unfavourable production characteristics (Dunham et al. 1993), there is evidence that
blue catfish are not only more resistant to PGD but are also resistant to Edwardsiella
ictaluri and channel catfish herpes virus (Graham 1999).
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Although myxozoan host specificity is open to debate, there is evidence that some
myxozoan life cycles demonstrate high degrees of host specificity (Molnar 1994; Hervio
et al. 1997; Molnar et al. 2002; Eszterbauer 2002; Eszterbauer 2004). Alternatively, it
has been shown that the actinospore stages of Myxobolus cerebralis and Ceratomyxa
shasta do not demonstrate high levels of host specificity; however, susceptibility to
infection by these parasites is highly variable amongst closely related salmonids (Ibarra et
al. 1992; 1994; Hedrick et al. 1999a; 1999b).
Bosworth et al. (2003) confirmed that blue catfish and channel catfish x blue
catfish F1 hybrids exhibit less gill damage than channel catfish when placed in ponds
experiencing PGD-related fish mortalities. This current study was designed to confirm
findings by Bosworth et al. (2003) and to compare the resistance of blue catfish, channel
catfish and channel catfish x blue catfish hybrids to PGD to provide insight into the
underlying causes for resistance in blue catfish.

Materials and Methods
Experimental design
Three replicate week long pond trials were conducted in commercial channel
catfish ponds containing fish diagnosed with PGD in the resident fish population. All
diagnostic evaluations on commercially produced fish were conducted by the Aquatic
Diagnostic Laboratory (ADL) of the Thad Cochran National Warmwater Aquaculture
Center in Stoneville, MS. Specific pathogen free catfish fingerlings of each genetic strain
were obtained from the United States Department of Agriculture Catfish Genetics
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Research Unit in Stoneville, MS. For each genetic strain, three net-pens, constructed of 5
mm nylon mesh to allow free-exchange of water within the confined area, were each
stocked with 20 fish. Five fish were sampled from each cage on days 1, 3, 5 and 7 postexposure and processed for gross examination, molecular analysis and histology. Upon
removal from the pond, fish were transported live to the NWAC in an aerated holding
tank and held until sampling.

Blood collection, gross examination and histology
Immediately prior to sampling, fish were euthanized by an overdose (1000 mg/L)
of MS-222 (3-aminobenzoic acid ethyl ester methanesulfonate) (Argent Laboratories,
Redmond, WA). Approximately 100 µl of blood was collected from the caudal vein of
each fish sampled on the last day of each trial and transferred to a 1.5 µl microcentrifuge
tube and stored at -80 °C until further processing. The presence and severity of PGD
lesions was determined by microscopic examination of gill clip wet mounts (~40-80
filaments) from a left gill arch. PGD was defined as the presence of lytic lesions in the
cartilage of the gill filaments (Fig. 2.2) (Wise et al. 2004; 2008; Griffin et al. 2008).
Another ~40-80 filaments were removed from a left arch and processed for molecular
analysis. Five fish from each genetic strain had individual right gill arches removed and
placed in 10% neutral buffered formalin for a minimum of 24 h. Tissues were then
processed by dehydration in a graded series of ethanol solutions of increasing strength,
followed by clearing in a series of xylenes, embedding in paraffin, and sectioning at 6
µm. Prepared slides were stained with hematoxylin and eosin (H&E). Samples were
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designated as positive or negative based on the presence of the characteristic changes
including foci of osteochrondrolysis, epithelial hyperplasia, granulomatous inflammation
and multinucleated trophozoites (Fig. 2.3, 2.4) (MacMillan et al., 1989; Pote et al. 2000;
Pote et al. 2003; Griffin et al. 2008; Wise et al. 2008).

Actinospore collection
Benthic sediment was collected from a commercial channel catfish pond
experiencing an outbreak of PGD in the resident catfish population. D. digitata were
isolated from the benthic sediment and observed for 72 hours for the passing of the
actinospore stages of H. ictaluri (Bellerud 1993; Pote et al. 1994; Bellerud et al. 1995).
Organisms were identified morphologically according to descriptions of actinospores
commonly found in commercial channel catfish ponds (Bellerud 1993).

DNA extraction from actinospores and SPF channel catfish
The genomic DNA from H. ictaluri actinospores and SPF channel catfish was
isolated by suspending actinospores and tissues in 600 μl of cell lysis solution from the
Gentra® Puregene® DNA isolation kit for fresh or frozen animal tissue (QIAGEN,
Valencia, CA). Proteinase K (20 mg/ml) was added prior to overnight incubation at 55
°C. The remainder of the isolation was carried out according to the manufacturer’s
suggested protocol. The purified genomic DNA was then suspended in 30 μl of TE
Bufferb (10 mM Tris, 1 mM EDTA, pH 7.0 – 8.0) and stored at -80 °C.
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DNA extraction from blood
The genomic DNA of blood collected from each fish was isolated using the
Gentra® Puregene® blood DNA isolation kit (QIAGEN, Valencia, CA) and using the
manufacturer’s suggested protocol for extracting and isolating genomic DNA from frozen
whole blood. The purified genomic DNA was then suspended in 200 μl of TE Bufferb
(10 mM Tris, 1 mM EDTA, pH 7.0 – 8.0) and stored at -80 °C.

Generation of QPCR standards
Target regions of the 18S small subunit (SSU) rDNA genes were amplified from
genomic DNA of H. ictaluri actinospores and specific pathogen free (SPF) channel
catfish by use of H. ictaluri specific PCR primers (Whitaker et al. 2001; Pote et al. 2003;
Whitaker et al. 2005) and generic eukaryotic 18S SSU rRNA primers (Elibol 2006),
respectively (Table 1). The 25 µl PCR reaction mixtures contained 2.5 µl of 10X
reaction buffer (10 mM Tris, 50 mM KCl, pH 9.0, 4.0 mM MgCl2), 2.0 µl of dNTP
mixture (2.5 mM of each dNTP), 5 pM of each primer, 0.5 units of hot start Taq DNA
polymerase (Takara® hot start Taq polymerase, Takara Bio USA, Madison, WI) and 2 μl
of DNA template. The PCR was carried out on a PTC-100 thermal cycler, (GMI, Inc.,
Ramsey, MN) programmed for 1 cycle of 95 °C for 10 min, 50 °C for 2 min, and 72 °C
for 4 min followed by 35 cycles of 92 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min
with a final extension cycle of 72 °C for 5 min. The PCR amplification products were
analyzed by electrophoresis on a 1.5% agarose gel and stained (Gelstar® nucleic acid
stain, Cambrex, East Rutherford, NJ) to confirm the presence of a single PCR product.
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The PCR products were purified using a Montage® PCR centrifugal filter device,
(Millipore, Billareca, MD) and cloned using the PCR4-TOPO® cloning kit (Invitrogen,
Carlsbad, CA). The plasmid clones with 18S SSU rDNA gene inserts from H. ictaluri
and SPF channel catfish were each grown in culture overnight and plasmid purification
was performed using the Qiagen plasmid mini-prep kit (Qiagen Inc.,Valencia, CA). The
plasmid standards were quantified as described above and their concentrations were
adjusted to 1.0 ng/μl. The standards were then serially diluted and utilized for the
generation of standard curves and to serve as positive controls for QPCR analysis.

QPCR
Gill clips designated for molecular analysis were placed in 600 μl of cell lysis
solution from the Puregene® DNA isolation kit (Gentra Systems, Inc., Minneapolis, MN)
and DNA isolation and quantification was carried out as described previously. At least 1
ng of total genomic DNA was added to each reaction and all samples were analyzed in
triplicate according to the QPCR protocol described by Griffin et al. (2008). The H.
ictaluri specific TaqMan probe was labeled on the 5’ end with the fluorescent reporter
dye, 6-carboxyfluorescein (FAM), on the 5’ end and the quencher dye, black hole
quencher-1 (BHQ-1), on the 3’ end, while the generic 18S SSU rDNA TaqMan probe
was labeled with the fluorescent reporter dye hexachloro-6-carboxy-fluorescein and also
quenched by black hole quencher-1 (BHQ-1), on the 3’ end (Table 1). The 12.5 μl PCR
reactions contained BioRad IQ® supermix (Biorad, Hercules, CA), 20 pM of each primer,
0.25 pM of TaqMan probe, 3 μl of template DNA and nuclease free water to volume.
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Amplifications were performed on a BioRad Icycler v3.1® real-time PCR system (Biorad,
Hercules, CA) programmed for 1 cycle of 95 °C for 3 min 30 seconds followed by 40
cycles of 95 °C for 30 seconds, 56 °C for 1 min and 72 °C for 30 seconds. Data
collection was carried out following the 72 °C elongation step at the end of each cycle.
To correct for initial template variations between samples, 18S SSU rDNA plasmid
standard equivalents (PSE’s) were determined along with H. ictaluri DNA PSE’s, using
the 18S SSU rDNA and probe combinations described by Elibol (2006). Sample CT
values were compared to a standard curve based on serially diluted plasmid standards of
the amplicons generated by the H. ictaluri specific primers (Whitaker et al. 2001; Pote et
al. 2003; Whitaker et al. 2005) or the 18SCCF/18SCCR (Elibol 2006), respectively
(Table 1). Again, data was considered valid if the slope of the standard curve was
between -3.1 and -3.6 representing reaction efficiencies between 90 and 110% (Wong
and Medrano 2006). Results were normalized against the initial concentration of 18S
SSU rDNA to prevent false negatives resulting from variations in starting template
quantity and the ratio between parasite standard equivalents and host standard equivalents
was used for the purpose of comparisons.

103

Table 4.1

Primer and probe sequences

Name

Direction

Sequence*†‡

Reference

A1-1

Forward

5’ - CAAAAGTTTCTGCTATCATTG - 3’

Whitaker et al.
2001

A1-2

Reverse

5’ – AGCGCACAGATTACCTCA - 3’

Whitaker et al.
2001

H9

Forward

5’ - TTACCTGGTCCGGACATCAA - 3’

Hanson et al.
2001

H2

Reverse

5’ - CGACTTTTACTTCCTCGAAATTGC - 3’

Hanson et al.
2001

18SCCF

Forward

5’ - CGGAGAGGGAGCCTGAGAA - 3’

Elibol-Fleming
2006

18SCCR

Reverse

5’ - CGTGTCGGGAATGGGTAATTTG - 3’

Elibol Fleming
2006

HITMP

Probe

5’ - [FAM] - TCAGCCTTGATGTTGCCACCTCA - [BHQ1] - 3’

This paper

18STMP

Probe

5’ - [HEX] – ACCACATCCAAGGAAGGCAGCAGGC - [BHQ1] - 3’

Elibol Fleming
2006

* FAM = 6-carboxyfluorescein
† HEX = hexachloro-6-carboxy-fluorescein
‡ BHQ1 = Black Hole Quencher-1

Statistical analysis
All statistical analysis was performed using SAS Software v. 9.1 (SAS Institute,
Inc., Cary, NJ). Parasite standard equivalents determined by QPCR, were normalized to
the host 18S rDNA and the ratio of PSE to HSE was subjected to a log transformation
prior to statistical analysis. All samples in which were negative for H. ictaluri DNA were
assigned a log value of -9. Multiple comparisons for weight, mean percent gill damage
and mean log PSE to HSE ratio were analyzed by a one-way ANOVA and Duncan’s
multiple range test. For all trials, p<0.05 was considered significant.
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Results
Mortalities
Mortalities or fish loss occurred in only two of the three experimental trials, with
the greatest incidence occurring in experimental trial 1. Seven fish were lost from one
channel catfish cage on the third day of the trial. Subsequently, there were no fish left to
sample from that cage on day 5. There was one mortality observed from a second
channel catfish cage on day 5, resulting in 9 total channel catfish being sampled on the
fifth day of the trial. Also in experimental trial 1, one cage of blue catfish was lost by the
fifth day of the trial leaving no fish to sample from that cage. At this point the trial was
terminated. For the second and third trials, one mortality was observed in blue catfish
from trial 2, resulting in only 14 fish being sampled on day 7. No mortalities or fish
losses occurred in trial 3.

Gross examination of gill clip wet mounts
Based on microscopic examination of gill wet mounts, the severity of PGD in the
first trial was significantly greater than from the second and third trial with both channel
catfish and hybrid catfish showing mean percent gill damage greater than 30% after 5 d
in the pond (Table 4.2). Alternatively, in trials 2 and 3, mean percent gill damage in
channels and hybrids after 7 d exposures was less than 21%, and no chondrocytic lesions
were observed grossly in any of the blue catfish from the second and third trials. The
only blue catfish which demonstrated any chondrolysis of the filamental cartilage were
from trial 1.
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QPCR
For all trials, blue catfish had significantly lower parasite loads in gill tissue than
channel and hybrid catfish, averaging nearly 2 orders of magnitude less PSE per HSE in
trial 1, and nearly 4 and 5 orders of magnitude less in trials 2 and 3, respectively
Comparatively, hybrid catfish gill tissue consistently had less parasite DNA than channel
catfish through all three trials, but PSE per HSE for hybrids and channels were different
by more than one order of magnitude (Tables 4.2, 4.3; Fig. 4.1). By the third day of each
trial, 100% of channel and hybrid catfish gill tissues were PCR positive for H. ictaluri,
which remained consistent for the remaining sampling days. Conversely, the number of
blue catfish with gill tissue PCR positive for H. ictaluri was variable by day and did not
increase consistently over time, as would be expected if the pathology of the organism
were consistent with that observed in channels and hybrids. Molecular analysis of blood
from fish on the last day of each trial showed the presence of H. ictaluri DNA in only one
blue catfish, from experimental trial 1. Three of the blood samples from day 7 of trial 3
were compromised during processing resulting in the analysis of only 12 channel catfish
blood samples for that day. Parasite DNA was detected in channel and hybrid catfish
blood on the last day of the trials, but the greatest percentage of fish with H. ictaluri
DNA in the blood in all three trials was in channel catfish.
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Table 4.2.
Trial

Day

1
1

Data summary for all three experimental trials
Species

Weight (g)*

Mean % gill
damage†

PGD positive
Wet mount†

QPCR positive
gills

Mean
PSE/HSE‡

Log mean
PSE/HSE

Blue

14.0kl

0.3e

1/15

7/15

5.0 x 10-6

-6.25mn

Channel

56.0ab

1.0e

2/15

14/15

2.2 x 10-3

-3.80ghi

cde

e

1/15

13/15

3.4 x 10

-4

-5.03jk

Hybrid

3

14.7jkl

0.0e

0/15

14/15

7.8 x 10-5

-4.66j

Channel

48.3bcd

56.7a

13/13

13/13

7.4 x 10-3

-2.87de

fgh

ab

15/15

15/15

1.8 x 10

-4

-3.89hi

5/10

7/10

3.4 x 10-4

-5.39k

-2

-1.63ab

Blue

2
1

34.1efgh

Blue

3

9/9

9/9

9.3 x 10

33.1bc

15/15

15/15

1.8 x 10-3

-3.12ef

15.4jkl

0.0e

0/15

4/15

<1 x 10-6

-8.82q

def

e

0/15
0/15

31.5fgh

0.0e

ijkl

e

0/15

15.4

0.0

0.0

14/15

1 x 10

-6

-6.32l

10/15

1 x 10-6

-7.13m

4/15

<1 x 10

-6

-8.26po

Channel

33.0efgh

4.9de

9/15

15/15

1.6 x 10-5

-4.86jk

Hybrid

39.5cdef

1.4de

6/15

15/15

1.3 x 10-5

-5.26k

-4

-8.18po

Channel

jkl

15.7

0.0

0/15

3/15

1.5 x 10

39.2cdef

5.7de

14/15

15/15

6.5 x 10-4

-3.33efg

fghi

de

7/15

15/15

3.5 x 10

-4

-3.70ghi

31.0

2.6

Blue

11.7l

0.0e

0/14

9/15

2.1 x 10-3

-7.03m

Channel

25.8ghij

9.0de

13/15

15/15

1.8 x 10-1

-1.74ab

ghijk

de

15/15

15/15

5.0 x 10

-2

-2.74de

0/15

2/15

1 x 10-6

25.2

16.7jkl
a

9.6

0.0e

2/15

15/15

8.1 x 10

-4

-8.50pq
-3.62fgh

60.8

Hybrid

41.6cdef

0.2e

2/15

15/15

2.1 x 10-4

-4.17i

Blue

20.5ijkl

0.0e

0/15

6/15

<1 x 10-6

-7.77no

-4

-3.64fghi

bc

Channel

49.9

Hybrid

46.2bcd
jkl

17.7

0.3

e

Channel

de

15/15

15/15

7.2 x 10

15.7cde

15/15

15/15

1.2 x 10-4

-4.14hi

0/15

12/15

5.0 x 10

-6

-6.49l

12.2

0.0

e

Channel

63.0a

14.9cde

15/15

15/15

5.3 x 10-2

-1.46a

Hybrid

34.6efg

15.5cde

15/15

15/15

3.0 x 10-2

-1.83ab

Blue
7

44.9

ab

Hybrid

Blue
5

6.6de

38.5

Blue
1

46.0

Channel

Hybrid
3

a

Hybrid

Hybrid

7

19.1jkl
61.9

Blue
5

32.1

Channel

Blue
3

0.2

Blue
Hybrid

5

44.2

Channel
Hybrid

23.0

hijkl

63.0a
34.6

efg

0.0

e

8.5de
21.1

cd

-6

0/15

5/15

1 x 10

12/15

15/15

1.1 x 10-2

15/15

-2

14/15

2.9 x 10

* Mean percent of gill filaments from surviving fish demonstrating at least one chondrolytic lesion
† PGD diagnosed in surviving fish by presence of at least one gill filament demonstrating chondrolytic lysis
‡ Data normalized to the initial quanitity of host 18S SSU rDNA
a,b
Within columns, values with different letters are significantly different (P<0.05)
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-7.93o
-2bc
-2.48cd

Table 4.3.

Summary statistics for all three experimental trials.

Trial
1

2

Blue

Channel

Hybrid

Weight (g)

15.6a

54.7b

36.8c

Mean % gill damage*

1.7a

31.2b

26.4b

Mean log PSE/HSE -gill†

-5.3a

-2.9b

-4.0c

PCR positive - gills‡

28/40

36/37

43/45

PCR positive – blood‡

1/10

7/9

3/15

PGD positive – wet mount§

6/40

24/37

31/45

Weight (g)

15.8a

34.1b

31.8b

0a

4.9b

3.4b

Mean log PSE/HSE - gill†

-8.1a

-4.3b

-4.8c

PCR positive - gills‡

19/59

58/60

54/60

PCR positive – blood‡

0/14

8/15

4/15

PGD positive – wet mount§

0/59

36/60

28/60

Weight (g)

19.5a

59.2b

39.2c

Mean % gill damage*

0.0a

9.0b

13.3c

Mean log PSE/HSE - gill†

-7.7a

-2.7b

-3.2c

PCR positive – gills‡

25/60

60/60

60/60

PCR positive – blood‡

0/15

11/12

7/15

PGD positive – wet mount§

0/60

44/60

46/60

Weight (g)

17.1a

48.5b

35.9b

Mean % gill damage*

0.4a

12.7b

13.4b

Mean log PSE/HSE - gill†

-7.3a

-3.3b

-4.0c

73/159

155/157

158/165

PCR positive – blood‡

1/39

32/36

14/45

PGD positive – wet mount§

6/159

104/157

105/165

Mean % gill damage*

3

All trials

PCR positive - gills‡

* Mean percent of gill filaments from surviving fish demonstrating at least one chondrolytic lesion
† Data normalized to the initial quanitity of host 18S SSU rDNA
‡ PGD diagnosed by the amplification of H. ictaluri DNA by QPCR
§
PGD diagnosed in surviving fish by presence of at least one gill filament demonstrating chondrolytic lysis
a,b
Within rows, values with different letters are significantly different (P<0.05)
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7

Day

Figure 4.1.

Parasite DNA equivalents in gill tissue detected by QPCR analysis. Data
was normalized to initial concentration of 18S SSU rDNA. Values are
presented as means ± SEM
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Histology
For the first trial, histological changes observed in the channel catfish on day 1
were predominated by congestion, hemorrhage, and edema (Fig. 4.2). There was
widespread lifting of lamellar epithelial cells from capillary endothelia creating clear
spaces occasionally traversed by strands of fibrillar pale eosinophilic material. There
were multifocal widely scattered aneurysmal dilations of lamellar capillaries, which often
ruptured and hemorrhaged into the subepthelial spaces described above. These small
focal hemorrhages occasionally obliterated the normal architecture of lamellar troughs.
More significant extensive areas of hemorrhage were widely present and traversed long
distances along filamental bone and cartilage. Large hemorrhages spanned up to 15-20
lamellar capillaries and expanded the overall width of affected filaments. Rarely within
these areas of hemorrhage were found small focal collections of mononuclear
inflammatory cells and foci of lysis involving the adjacent bone and cartilage (Fig. 4.2).
However, organisms were not visualized. Epithelial changes were limited to minimal to
mild hypertrophy and hyperplasia, typically in association with foci of lamellar
hemorrhage and the bases of lamellar troughs. Moderately sized round leukocytes,
characterized by moderate amounts of finely granular pale eosinophilic cytoplasm and
slightly oval, eccentric nuclei with stippled chromatin were common within the filament
vasculature. A band of identical cells of varying thickness dissected between the
epithelial basement membrane and bone of large numbers of filaments. Changes in
hybrids were comparable in all respects to those seen in channel catfish, but were
encountered slightly less frequently. In contrast to the severe changes described for the
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channel catfish, sections in hybrids were characterized by diffuse minimal congestion and
rare, widely scattered, small foci of lamellar hemorrhage and minimal foci of epithelial
hyperplasia involving small groups of lamellar troughs.
By the third day of trial 1, hemorrhage remains a significant finding in both
channel and hybrid catfish gill tissues, but was reduced in severity (Fig. 4.2).
Concomitant with this was an increase in the extent of epithelial hyperplasia, severity of
inflammatory infiltrates, and size and number of lytic bone and cartilage lesions.
Epithelial hypertrophy and hyperplasia was widespread and partially to completely filled
focally extensive areas of consecutive lamellar troughs. Thrombosed lamellar capillaries
were occasionally present within areas of hyperplasia. Inflammatory infiltrates shifted
from predominantly granulocytic to epithelioid-like macrophages, with indistinct cell
borders, finely vacuolated pale eosinophilic cytoplasm, and central nuclei with vesicular
to marginated chromatin. Epithelial hyperplasia and macrophage infiltrates were most
prominent adjacent to foci of osteochondrolysis. Mantles of macrophages were
immediately apposed to lytic gill filaments and were separated from epithelial cells by a
basement membrane. Macrophages were further distinguished from epithelial cells,
which also had vesicular nuclei, but typically possessed a prominent nucleolus and have
finely granular amphophilic cytoplasm. Lymphocytic infiltrates were increased and
moderate in number, but limited primarily to filament and lamellar epithelial surfaces.
For blue catfish, histological examination revealed widely scattered, small foci of
minimal hemorrhage limited predominantly to lamellar capillaries. Larger hemorrhages
associated with gill filaments, as described for channel catfish, were extremely rare.
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There were also scattered, multifocal, mild foci of epithelial hyperplasia that typically
filled lamellar troughs resulting in the fusion of 2-3 lamellae. Thrombosed capillaries
were occasionally present within these foci. Rare focal lysis of filament bone and
cartilage were present, but was not associated with severe epithelial hyperplasia or
inflammatory infiltrates as seen in channel and hybrid catfish.
By the fifth day of trial 1, for both channels and hybrids, hemorrhage continued to
diminish, while hyperplasia and macrophage infiltrates, as described previously,
continued to increase (Fig. 4.2). Small numbers of elongated plump fibroblasts were
visible in areas of osteochondrolysis, and bordered rare irregular foci of proliferating
dysplastic cartilage. Located adjacent to foci of osteochondrolysis and less frequently
within lamellar troughs, surrounded by mantles of macrophages, were large spherical
structures (plasmodia) with numerous, centrally located, small, hyperbasophilic nuclei
and an outer rim of clear to pale eosinophilic cytoplasm (Fig. 4.5). Conversely,
examination of blue catfish tissues revealed changes that closely resembled those seen in
channel and hybrid catfish from the first day of the trial, including the scattered presence
of osteochondrolysis however no parasitic organisms were observed.
For the second trial, significant lesions were not observed in channel and hybrid
catfish until the third day of the experimental trial, at which point, there were rare, small
foci of epithelial hypertrophy and hyperplasia filling small numbers of consecutive
lamellar troughs, often accompanied by mild lamellar and filamental hemorrhage. Rare
foci of ostrochondrolysis were associated with some foci of hyperplasia and hemorrhage.
Examination of blue catfish tissues at this stage revealed no significant findings.
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On the fifth day of the second trial, changes in the channel and hybrid catfish
typical of moderate to severe proliferative gill disease. There were multifocal,
widespread, large foci of osteochondrolysis surrounded by broad zones of macrophages
that expanded filaments and more superficial epithelial hypertrophy and hyperplasia that
filled long expanses of lamellar troughs. Hemorrhage was mild. At this time, two of the
five blue catfish examined had rare, small foci of epithelial hyperplasia that filled 2-3
consecutive troughs or mild hyperplasia that expanded the entire filament. By the
seventh day of the trial changes in channel and hybrid catfish were severe but did not
differ significantly from those described in the Day 5 sample, with the exception that
parasitic organisms were now common. Only one of the blue catfish examined from this
time point had rare, focal, minimal epithelial hyperplasia commonly associated with
PGD, but no organisms were present.
Findings for the third trial did not differ from those of the second trial, except that
changes were observed on the first day of the study. Again, changes observed in
channels and hybrids were mild and limited to multifocal, widely scattered foci of
epithelial hyperplasia that partially to completely filled typically 2-3, occasionally up to
8, consecutive lamellar troughs, resulting in focal expansion of filaments. By the third
day changes were moderate to severe and typical of PGD. Lesions were widely
distributed, with large areas of epithelial hyperplasia and infiltrates of macrophages
surrounding areas of ostrochondrolysis. Hemorrhage was mild and organisms were not
present. On the fifth day of the trial changes were typical of severe PGD. There were
multifocal, widespread, large foci of osteochondrolysis surrounded by broad zones of
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macrophages that expanded filaments and more superficial epithelial hypertrophy and
hyperplasia that filled long expanses of lamellar troughs. Hemorrhage was mild and
unlike the fifth day from the second trial, organisms were common in these sections.
On the seventh day of the third trial, the first significant findings were seen in four
of the five blue catfish examined. Changes were minimal and limited to rare, isolated,
small foci of epithelial hyperplasia, typically limited to 1-2 consecutive lamellar troughs.
Although widely scattered and overall damage to the gills is interpreted as mild, one fish
had well developed lesions typical of PGD in all respects, but again lacking visible
organisms. In contrast, changes observed for channels and hybrids were typical of severe
PGD. Lesions were large, widely distributed and parasitic organisms were common (Figs.
4.3, 4.4).
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Channel

Blue

Hybrid

Day 1

Day 3

Day 5

Figure 4.2.

Experimental trial 1. Histological sections demonstrating pathological
changes over time in fish held in a PGD positive pond
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Day 1

Day 3

Day 5

Day 7

Figure 4.3.

Experimental trial 2. Histological sections demonstrating pathological
changes over time in fish held in a PGD positive pond
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Day 1

Day 3

Day 5

Day 7

Figure 4.4.

Experimental trial 3. Histological sections demonstrating pathological
changes over time in fish held in a PGD positive pond
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A

B

C

D

Figure 4.5.

Histological sections of fill of channel catfish fingerling with proliferative
gill disease (Day 7; Trial 3). Spherical structures (plasmodia) with
numerous, centrally located, small, hyperbasophilic nuclei and an outer
rim of clear to pale eosinophilic cytoplasm (A, B, D) are located adjacent
to foci of osteochondrolysis (C,D) and less frequently within lamellar
troughs (B).
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Discussion
Data from these experimental trials supports the hypothesis that H. ictaluri may
be unable to successfully complete its life cycle in blue catfish. This data also supports
previous work stating that blue catfish will develop lesions characteristic of proliferative
gill disease during severe outbreaks, but are significantly more resistant to PGD than both
channels and hybrids (Bosworth et al. 2003). Only 6 of the 160 blue catfish examined
demonstrated gross lesions indicative of PGD, and all blue catfish demonstrating
chondrolytic lesions were from the first trial, in which the most severe lesions were
observed in both the channel and hybrid catfish, suggesting a larger number of infective
actinospores in the pond environment.
QPCR analysis did detect H. ictaluri DNA in the gill tissues of several blue
catfish during the course of this study; however, there was no evidence of developing
plasmodia in the histological sections for these fish. A limitation of PCR analysis is that
the assay can only determine whether or not target DNA is present in a given sample, and
not the viability of the organism itself. Assuming the actinospore stage of the organism is
present in pond water at the time of sampling and considering the sensitivity of the QPCR
assay, it cannot be stated with certainty that the small amounts of H. ictaluri DNA
detected represents true infection, curtailed prior to the development of typical lesions, or
surface associated contaminants trapped in gill tissues at sampling. Since amplification
of target DNA does not distinguish between an active infection and DNA artifact, the
presence of H. ictaluri DNA may not necessarily signify an active infection. Conversely,
in all three trials, channel catfish and hybrid catfish gills consistently demonstrated a
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significant increase in parasite DNA equivalents when compared to blue catfish. This
finding, coupled with the presence of developing trophozoites in histologic sections
indicates an active infection and subsequent proliferation or increased uptake of the
parasite in channels and hybrids to a degree which was not observed in blue catfish.
QPCR analysis of the blood taken from fish on the last day of each experimental
trial indicated that even in heavily infected channels and hybrids, a greater percentage of
channel catfish have H. ictaluri DNA in their blood than hybrids suggesting the
pathology of infection and degree of tissue migration of H. ictaluri is not identical in
channel and hybrid catfish even though gross representation of the disease is similar.
Although the biological significance of this finding remains unclear, it suggests that H.
ictaluri may initiate infection but may not complete its life cycle in hybrid catfish as
efficiently as it does in channel catfish. The presence of H. ictaluri DNA in the blood of
one blue catfish from the heaviest infection (Trial 1), suggests that, although they
demonstrate a high degree of resistance, the parasite can still overwhelm host defenses
when exposed to large numbers of actinospores but in a more resistant host such as the
blue catfish, the infection may be rapidly eliminated, preventing the parasite from
completing its life cycle as efficiently as in channel and hybrid catfish.
Histologically, lesion development was qualitatively similar throughout the
respective treatment groups in all three studies, varying only in severity over time. This
variation is speculated to be related to challenge dose. In general, blue catfish were
significantly less affected, although changes typical of PGD were present in some fish.
Importantly, even though osteochondrolysis and inflammatory infiltrates were present in
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the gills, these changes are non-specific and could be attributed to other non-PGD related
factors. Most importantly, organisms were not visualized in blue catfish from any trial,
despite being numerous in channel and hybrid catfish gills from the same exposure group.
The findings from this study beg the question of host specificity over host
susceptibility. Although there is evidence of host specificity of the actinospore stage of
select myxozoans (Molnar 1994; Hervio et al. 1997; Molnar et al. 2002; Eszterbauer
2002; Eszterbauer et al. 2002; Eszterbauer 2004) there is also evidence of a lack of host
specificity but variable host susceptibility to the developmental stages of M. cerebralis
and C. shasta in salmonids (Ibarra et al. 1992; 1994; Hedrick et al. 1999a;1999b).
Regardless of the whether resistance is attributed to host specificity of the parasite or
parasite resistance by the host, findings here thus supporting the earlier findings of
Bosworth et al. (2003) demonstrating a significantly lower susceptibility to H. ictaluri
infection in blue catfish than channel catfish and channel catfish x blue catfish hybrids.
The data presented here identifies another favorable characteristic of blue catfish,
demonstrating a lower susceptibility to another significant channel catfish pathogen. The
significantly increased disease severity and levels of parasite DNA in channel and hybrid
catfish, coupled with the lack of developing organisms in blue catfish tissue sections
indicates that H. ictaluri may be unable to successfully complete its life cycle in the blue
catfish. The presence of a low level of H. ictaluri DNA in the blue catfish gills may be
attributed to the presence of the organism in the gill mucus or a consequence of the
organism being present in the water and may not signify an active infection. The length
of time the organism remains in contact with the gill tissue after initial penetration
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potentially fails or the length of time gill tissue remains PCR positive after infection has
been eliminated by the host is not known. The lack of developing organisms in blue
catfish tissue sections and negligible gill damage observed throughout the study indicates
that further life stages of this organism did not occur and the infection was unsuccessful.
Furthur research is needed to identify the specific protective mechanisms utilized
by blue catfish to prevent H. ictaluri infection which catfish could prove invaluable in a
selective breeding program. The inability of H. ictaluri to successfully complete its life
cycle in blue catfish also suggests that this could be utilized to potentially interrupt the
life cycle through crop rotations, preventing the accumulation of H. ictaluri in pond
systems that can result in devastating losses for commercial channel catfish operations.
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CHAPTER V
CONCLUSION

Proliferative gill disease (PGD) has been a major problem for the channel catfish
industry for over thirty years, and only recently have researchers gained enough
understanding of PGD to implement management strategies for the disease. Until now,
the most practical method of controlling PGD was avoidance through management
practices and not stocking fingerlings into ponds with high actinospore concentrations.
The PGD status of a pond to be stocked had previously been determined through sentinel
fish exposures, which although accurate in their prognosis, have limitations that
necessitated the development of a more rapid and efficient means of determining
actinospore concentrations.
The Henneguya ictaluri specific QPCR assay developed for this study was found
to be highly specific and very sensitive and although the assay is more costly and requires
more specialized training to perform, it outperformed all currently practiced diagnostic
methods providing confirmation of H. ictaluri infection more rapidly than histology and
end-point PCR. While gross examination of gill clip wet mount preparations provide
reasonably accurate presumptive diagnosis and while convenient in their expediency, the
method has limited sensitivity, especially in larger fish where size limits the number of
filaments that can be accurately examined.
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From a management perspective, the QPCR assay has tremendous value in
identifying potentially lethal concentrations of H. ictaluri actinospores in ponds prior to
stocking and preventing PGD induced mortalities in fingerlings stocked in the spring of
the year. The assay and concurrent methodologies described in this dissertation not only
provide a more rapid and efficient method of determining actinospore concentrations in a
pond prior to stocking, they also eliminate the need for sentinel fish. Although the
relationship between H. ictaluri actinospore concentration and PGD related mortalities
have been demonstrated, the levels determined in this study to be low risk are
conservative. The QPCR assay can provide information that is valuable in making
management decisions but it can only provide one piece of the puzzle. It is important to
note that the relationship between actinospore levels and PGD related mortalities is not
absolute and other variables such as water quality, temperature, salinity and stocking
densities also need to be taken into consideration when deciding when a pond is safe to
stock.
This study has also demonstrated the potential of the QPCR assay as a research
tool. Since DNA is conserved throughout the life cycle of an organism, the QPCR assay
adds a molecular aspect to investigations regarding life cycle studies and the development
and pathogenesis of H. ictaluri in the fish or oligochaete hosts. In conjunction with gross
examination and histological analysis of fish tissues, QPCR helped demonstrate another
favorable characteristic of blue catfish; lower susceptibility to PGD. The results
generated by QPCR added one more level of analysis to this study, which supported the
earlier findings of Bosworth et al. (2003) and support host specificity among select
127

myxozoans. Admittedly, further research is needed to identify the specific protective
mechanisms utilized by blue catfish which may prevent the completion of the life cycle in
this fish host, however, these findings suggest that blue catfish could be utilized to
potentially interrupt the life cycle through crop rotations, thereby preventing the
accumulation of H. ictaluri in pond systems that can result in devastating losses.
The H. ictaluri specific QPCR assay developed for this study was found to be
successful in the detection of H. ictaluri in from fish tissues and environmental samples
and the assay shows promise in both research and production settings. As stated
previously, the ability to quantify H. ictaluri DNA from fish tissue and environmental
samples provides an invaluable tool in diagnostics, epidemiological studies, treatment
evaluations and management of this disease.
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